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“Be not afraid of greatness.
Some are born great,
some achieve greatness,
and some have greatness
thrust upon ’em.”
William Shakespeare,
Twelfth Night
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Zusammenfassung
In der ju¨ngeren Vergangenheit liessen sich vermehrt Hinweise auf die Verletzung der Flavor-
Universalita¨t von Leptonen in semileptonischen Zerfa¨llen von B-Mesonen feststellen. In den
gemessenen Observablen zeigt sich ein interessantes Muster von Anomalien im Vergleich zum
Standardmodell, was zu verschiedenen Versuchen fu¨hrte, die zugrundeliegende Physik von B-
Zerfa¨llen besser zu verstehen oder die Anomalien mit Modellen neuer Physik zu erkla¨ren. Diese
Arbeit befasst sich mit beiden Ansa¨tzen.
Nach einem kurzen U¨berblick u¨ber den Flavoursektor des Standardmodells und die ga¨ngigen
Werkzeuge der B-Physik wird die Struktur der B-Zerfa¨lle detaillierter studiert, mit einem beson-
deren Schwerpunkt auf die Vorhersage der entsprechenden Zerfallsraten. Es wird gezeigt, dass
pra¨zise Vorhersagen dabei helfen ko¨nnen, das Muster der gemessenen Anomalien besser zu ver-
stehen. Wir befassen uns zuerst mit Flavouru¨berga¨ngen des Typs b→ c und stellen verschiedene
neue Ansa¨tze vor: Zum Einen diskutieren wir eine Methode zum Abzug des Hintergrunds, die
auf analytischen Vorhersagen fu¨r RD basiert. Zum Anderen demonstrieren wir die Extraktion
von RD aus Messdaten auf eine Art, die unabha¨ngig von der bisher gebra¨uchlichen ist. Ausser-
dem studieren wir einen neuen Zerfallskanal um Lepton-Flavouruniversalita¨t in Zerfa¨llen vom
Typ b → c zu untersuchen. Danach diskutieren wir die neutralen Flavouru¨berga¨nge vom Typ
b→ s and stellen die momentan aktuellste Vorhersage der Observablen R
K
(∗) vor.
Der darauffolgende Abschnitt der Arbeit befasst sich mit der Konzeption von Modellen neuer
Physik. Zuerst konzentrieren wir uns dabei auf eine Konstruktion einer effektiven Feldthe-
orie basierend auf einer U(2)n Flavoursymmetrie, mit der sich die Mo¨glichkeit ergibt, die
beobachteten Anomalien auf eine konsistente Weise zu beschreiben. Wir studieren die Anwen-
dung auf Kaon-Physik und die sich dadurch ergebenen Implikationen. Schliesslich stellen wir
einen ersten konkreten Ansatz vor, die Anomalien in einem UV-vollsta¨ndigen Modell mit einem
Eich-Leptoquark zu erkla¨ren.
iii
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Abstract
In the recent years, a few hints of lepton flavour universality violation have been observed in
semileptonic decays of B mesons. The measurements show a pattern of anomalies with respect to
the Standard Model predictions: this triggered interest and attempts either to better understand
the underlying physics which governs B decays or to address the problem within a New Physics
scenario. Both approaches are attempted in this thesis.
After a brief review of the flavour sector of the Standard Model and the main tools used in
B-physics, we study in details the anatomy of B decays, focusing on deriving predictions for
channels of interest. We show how precision physics can be important to help disentangle the
pattern of anomalies measured. We deal first with b → c transitions, proposing different new
ideas. We present a method for background subtraction based on analytical calculations for RD
and its extraction from data in an independent way with respect to the ones adopted so far;
furthermore we investigate a new channel for testing lepton flavour universality in b→ c decays.
We then discuss the neutral transition b→ s and we present the most up to date prediction for
the observables R
K
(∗) .
Then we move to the model building part, where we first concentrate on an effective field theory
approach based on U(2)n flavour symmetry, showing the possibility to consistently explain the
pattern of anomalies. We analyse the possibility to link this description to kaon physics and
the implications. Finally, we propose one of the first attempt to address the anomalies in a UV
complete model for a gauge leptoquark.
v
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Introduction
The Standard Model (SM) of fundamental interactions provides the most stunning theory of
the last sixty years. It describes the interactions of elementary particles with gauge bosons
which mediate strong, weak and electromagnetic interaction; the framework which allows such
description is provided by quantum field theory. Evidences that this theory accurately describes
what is seen in nature came slowly but unquestionably, starting from the observation of W±
and Z0 bosons to the most recent discovery of the Higgs boson.
A rich physics program tested the SM at high accuracy for many years. As a result, it has
been verified that the SM succeeds in describing accurately many phenomena which happen
at the electroweak scale. However, it is also undeniable that sectors of the SM need further
investigation and understanding and they may leave open an interesting question: is there any
dynamics not yet observed beyond the SM?
The answer is rather intriguing. We know that phenomena like neutrino masses or dark matter
cannot be addressed by any sector of the SM: this points unequivocally to the need of enlarging
the SM adding some New Physics (NP) at some (higher) scale. On the other hand, knowing that
the SM is not the definitive theory to describe elementary particles makes us wonder whether
also some sectors of the SM itself can still leave space for NP effects.
One of the natural place where NP can be hidden is the flavour sector. With flavour sector
we mean the study of transitions between quarks belonging to different families. Since many
of them are suppressed in the SM or not well measured yet, it could be possible find some NP
effects in them.
Recently, hints of deviations between the SM predictions and experimental measurements have
been observed in semileptonic decay of b quarks. Even though the experimental sensitivity is not
yet enough to have a clean proof of the presence of NP in such decays, they represent a coherent
pattern of anomalies which require further investigations. This is the focus of this thesis.
The approach we follow is twofold: on one hand, we pursue a systematic study of a selected set of
flavour-changing observables, with the goal of reducing their theoretical error within the SM. On
the other hand, employing a model building approach, we identify correlations among different
low-energy observables that could shed light on the nature of the hypothetic NP responsible for
the anomalies.
The thesis is organised as follows. In Part I we introduce the basic tools exploited throughout
the thesis: in chapter 1 we review the flavour sector of the SM, with emphasis on the bounds
on NP obtained through flavour observable and two possible motivated extensions beyond the
SM of this sector; in chapter 2 we summarise the main tool utilised in B physics and we give
some details on both the experimental and the theory status on a few observables which play
an important role in the following chapters. Part II is dedicated to the study of semileptonic
charged-current b decays. In chapter 3 we study possible background sources to the decay
B → Dµνµ, while in chapter 4 we propose to exploit a new decay to expand our knowledge
on the anomalies, namely the baryonic Λb → Λ∗cτντ decay. Part III is dedicated to the study
of flavour changing neutral currents: in particular in chapter 5 we present the most up to date
SM prediction of the observables R
K
(∗) . Part IV is dedicated to model building. In chapter 6
we propose an analysis of current data within an EFT framework based on the U(2)5 flavour
symmetry, with special emphasis on the correlation between the anomalies and further flavour
constraints. In chapter 7 we analyse the correlation between the anomalies and kaon physics,
highlighting which scenarios could provide non negligible effects also in kaon decays. In chapter 8
we present one of the first attempts of building a UV complete model for a vector leptoquark to
address the anomalies. We summarise our results and achievements in the Conclusions.
2
Part I
Flavour physics in the Standard
Model
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Chapter 1
The flavour structure in the Standard
Model and the flavour problem
The SM succeeds in describing the interactions of the basic constituents of matter in terms of
very simple objects: a set of fermion fields and a set of vector gauge fields which mediate weak,
electromagnetic and strong interactions. In addition, a single scalar field (the Higgs field) is
introduced to describe the effective masses of both the weak gauge fields (W and Z) and the
fermions, resulting from the spontaneous breaking of the electroweak gauge symmetry.
The fermions, both leptons and quarks, are grouped into three families characterised by the
same gauge quantum numbers. The difference among the three families are only the mass
terms, or better the interactions of the different fermions with the Higgs field (denoted Yukawa
interaction). This structure implies that weak, strong and electromagnetic interactions of the
SM fermions are “universal” (i.e. the same among the three families), and that any different
behaviour among the different families originates from the Yukawa interaction. This peculiar
structure is a key built-in property of the SM: testing it provides powerful tool to investigate
the validity of the model. Testing the universality of fermion interactions is one of the key goal
of what we generically denote as “flavour physics”, namely the investigation of the transitions
between fermions belonging to different families.
In this chapter we review the flavour structure of the SM: in sections 1.1-1.2 we revise the link
between the mass terms and the flavour structure in the SM itself; in sections section 1.3 we
explore the possibility of New Physics (NP) and how to constrain it through flavour observables;
in section 1.4 we propose two possible extensions of the flavour sector beyond the SM.
1.1 From the Higgs mechanism to the CKM matrix
The SM Lagrangian consists mainly of two separate parts: the gauge and the Higgs sector. The
gauge sector describes the gauge vector bosons’ interactions among themselves and the fermions.
It is completely specified by the local symmetry of the SM: GSM = SU(3)c × SU(2)L × U(1)Y
and the assignment of the fermion’s quantum numbers under GSM. In a very compact way, we
can express the Lagrangian of the gauge sector as in the following:
Lgauge =
3∑
i=1
∑
ψ=Q
i
L,··· ,eiR
ψi /Dψ −
3∑
i=1
1
4
W aµνW
a,µν − 1
4
BµνB
µν −
8∑
i=1
1
4
GaµνG
a,µν . (1.1)
For completeness, we recall the transformation properties of the fermion fields under GSM:
QiL ∼
(
3, 2,
1
6
)
LiL ∼
(
1, 2,−1
2
)
uiR ∼
(
3, 1,
2
3
)
diR ∼
(
3, 1,−1
3
)
eiR ∼ (1, 1,−1) ,
(1.2)
where the index i denotes the three flavours (i.e. i = 1, 2, 3).
The structure of eq. (1.1) implies that the gauge sector respects a global flavour symmetry.
With flavour symmetry we mean a symmetry of the Lagrangian in the flavour space, which
corresponds to the freedom to rotate in flavour space the five fields defined in eq. (1.2). It is
easy to see that in the case of eq. (1.1), the global flavour symmetry is the following one:
GSMflavour = U(3)5 = U(1)5 × Gq × G` , (1.3)
where
Gq = SU(3)QL × SU(3)uR × SU(3)dR , G` = SU(3)LL × SU(3)eR . (1.4)
Out of GSMflavour, the subgroups Gq and G` control flavour changing dynamics. They allow to
rotatex the SM matter fields in flavour space through unitary matrices Vi, as
QiL → V ijQ QjL , LiL → V ijL LjL , uiR → V iju ujR , diR → V ijd djR , eiR → V ije ejR . (1.5)
Three out of the five U(1) subgroups of GSMflavour can be identified with the total baryon and lepton
number and the weak hypercharge; these subgroups are not broken by the Yukawa interactions
of the SM. The remaining two U(1) subgroups can be identified with the Peccei-Quinn symmetry
and a global rotation of the right-handed leptons. They are broken in the SM by the Yukawa
interactions: note that this charateristic is not general; in fact, a different specification of the
Higgs sector (e.g. introducing more than one Higgs boson) may preserve them.
Both the local GSM and the global GSMflavour symmetries are broken by the introduction of a scalar
field, namely the Higgs field, which transforms as a doublet of SU(2)L. The local symmetry is
spontaneously broken when the Higgs field acquires a vacuum expectation value (vev):
〈H〉 = 1√
2
(
0
v
)
, (1.6)
where v = (
√
2GF )
−1/2 ≈ 246 GeV.
The global flavour symmetry is explicitly broken by the Yukawa interaction which involves the
Higgs field and the SM fermion fields:
− LSM = Y ijd Q
i
LHd
j
R + Y
ij
u Q
i
LH˜u
j
R + Y
ij
e L
i
LHe
j
R + h.c. . (1.7)
Since the Yukawa matrices Ya are in principle arbitrary and not proportional to the identity,
both Gq and G` are badly broken up to some residual U(1) in the lepton sector.
In principle, each Yukawa matrix requires two independent unitary rotations to be diagonalised,
i.e. Y diaga = V
a
LYaV
a†
R ; this means that in the quark sector, four independent matrices are
needed. Due to the flavour symmetry Gq, we have the freedom to perform rotations in flavour
space. This allows us to choose three out of four matrices needed to diagonalise the Yukawa
matrices. Starting from the basis in which Yd is diagonal, known also as the down-quark basis,
we can eliminate the right-handed rotation in the up sector, obtaining
Yd = λd , Yu = V
†λu , (1.8)
where
λd = diag(yd, ys, yb) , λu = diag(yu, yc, yt) . (1.9)
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The choice of starting from the down-quark basis is not unique. However, starting from arbitrary
Yd and Yu, it is not possible to diagonalise both of them at the same time with a single rotation.
In other words, it is not possible to construct a basis in which both the interaction terms and
the Yukawa interactions are diagonal in flavour space. This means that in any case we are left
with an a priori unknown unitary mixing matrix V, known as the Cabibbo-Kobayashi-Maskawa
(CKM) [1–3] mixing matrix, which corresponds to the misalignment of the Yukawa couplings
on the left-handed site.
In the leptonic sector, assuming the absence of neutrino masses1, it is possible to diagonalise Ye
without any observable consequence.
In full generality, a 3×3 unitary matrix is described by three real angles and six complex phases.
In the case of the CKM matrix, further five complex phases can be reabsorbed in the definition
of the quark fields, leaving four physical parameters: three real angles and one complex CP-
violating phase.
The mixing between quark families introduced by the CKM matrix affects also the gauge sector.
The Lagrangian in eq. (1.1) is written in the interaction basis, namely in the basis where the
interaction between gauge bosons and quarks are diagonal in flavour space. Introducing the
CKM matrix to diagonalise the Yukawa and hence the mass terms, means to change the basis
from the interaction one to the so-called mass basis. In this basis, the gauge interactions with
quarks are not diagonal anymore; in particular, the charged current terms are modified as in
the following:
JµW |quark = uiLγµdiL → V ijuiLγµdjL , (1.10)
while the neutral current remains unchanged.
1.2 The CKM matrix
The CKM matrix can be parametrised in different ways; the standard one is in terms of three
rotation angles θij and a complex phase δ, as
V =
Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb

=
 c12c13 s12c13 s13e
−δ
−s12c23 − c12s23s12eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −s23c12 − s12c23s13eiδ c23c13
 ,
(1.11)
where cij = cos θij and sij = sin θij , with i, j = 1, 2, 3.
At this point, for a better understanding, it is quite interesting to look at the numerical structure
of the CKM matrix. If we refer in particular to the magnitude of each element, we have [8]:
|V | =
 0.97434+0.00011−0.00012 0.22506± 0.00050 0.00357± 0.000150.22492± 0.00050 0.97351± 0.00013 0.0411± 0.0013
0.00875+0.00032−0.00033 0.0403± 0.0013 0.99915± 0.00005
 . (1.12)
From eq. (1.12) we see a strong hierarchy between the elements of the CKM matrix, according to
which the off-diagonal terms are rather small, while the diagonal ones approach the unity. This
allows us to write down a new parametrisation of the CKM matrix, where the hierarchy just
described is manifest. We can choose to expand the elements of the CKM in powers of a small
1
In many extensions of the SM, neutrino mass terms appear. It is then possible to apply the very same
procedure just described for the quark sector and define the analogous of the CKM matrix for the lepton sector,
namely the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [4–7] mixing matrix.
7
Figure 1.1: The CKM unitary triangle.
parameter λ, defined as λ ≡ |Vus| ≈ 0.22. This procedure give rise to the so-called Wolfenstein
parametrisation, through which the CKM matrix acquires the form:
V =
 1−
λ
2
2 λ Aλ
3(%− iη)
−λ 1− λ22 Aλ2
Aλ3(1− %− iη) −Aλ2 1
+O(λ4) , (1.13)
where A, % and η are free parameters.
At a high level of accuracy, the expansion up to O(λ4) is not sufficient, and further terms must
be included. The standard procedure is to define the set of parameters {λ,A, %, η} in terms of
the angles cij and sij , as
λ ≡ s12 , Aλ2 ≡ s23 , Aλ3(%− iη) ≡ s13e−iδ . (1.14)
Up to order O(λ5), the CKM matrix is parametrised as
V =
 1−
λ
2
2 − 18λ4 λ+O(λ7) Aλ3(%− iη)
−λ+ 12Aλ5[1− 2(%+ iη)] 1− λ
2
2 − 18λ4(1 + 4A2) Aλ2 +O(λ8)
Aλ3(1− %− iη) −Aλ2 + 12Aλ4[1− 2(%+ iη)] 1− 12A2λ4
 , (1.15)
where
% = %
(
1− λ
2
2
)
+O(λ4) , η = η
(
1− λ
2
2
)
+O(λ4) . (1.16)
In order to test the CKM structure, it is useful to exploit its properties, namely that the CKM
matrix must be unitary. This property is translated in the following two relations
i)
∑
k=1,···3
V ∗jkVkj = 1 , ii)
∑
k=1···3
V ∗ikVkj 6=i = 0 . (1.17)
These relations can be used as a strong test of the validity of SM, since they are typical of
the SM construction according to which the CKM matrix is the only source of mixing between
quarks. Through an experimental test of the validity of eq. (1.17), bounds on new sources of
flavour mixing can be set.
An example can be seen if we take l = 1 and j = 3 among the relations of type ii) in eq. (1.17),
namely
VudV
∗
ub + VcdV
∗
cb + VtdV
∗
tb = 0
VudV
∗
ub
VcdV
∗
cb
+
VtdV
∗
tb
VcdV
∗
cb
+ 1 = 0 ↔ [%+ iη] + [(1− %)− iη] + 1 = 0 . (1.18)
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Figure 1.2: Allowed region in the % and η plane [9].
Expressing eq. (1.18) in terms of % and η is particularly convenient since we obtain a relation
where all the terms are of the very same order in λ. Usually eq. (1.18) is represented as a
unitary triangle in the complex plane, as in figure 1.1. We stress that the triangle described by
eq. (1.18) or alternatively figure 1.1 is invariant under phase transformations of the quark fields.
In fact such transformations will rotate the triangle in figure 1.1 in the complex plane but the
angle and length of the sides will not vary. This implies that the angles and sides of the unitary
triangles are indeed observable quantities and hence suitable to be measured.
Besides the magnitude of the CKM elements presented in eq. (1.12), the set of parameters
{λ,A, %, η} can be fitted using various decay channels. In the specific, |Vus| and |Vcb| or equiv-
alently λ and A, can be determined with high accuracy from K → pi`ν and B → Xc`ν decays
respectively. According to [9], they are:
λ = 0.22497± 0.00069 , A = 0.833± 0.012 . (1.19)
The results in eq. (1.19) are used as inputs to constrain % and η through appropriate and
sensitive observables. Usually, the constraint on % and η are translated in the constraints on
the CKM unitarity triangles. The result is shown in figure 1.2, where all the constraints are
consistent with the following values for % and η:
% = 0.153± 0.013 , η = 0.343± 0.011 (1.20)
1.3 The SM as an EFT: the flavour problem
Even though the SM succeeds in providing an excellent theory for the fundamental interactions,
it still fails in explaining various phenomena. A clear example is the need to add to the ordinary
matter what is called dark matter, a yet unidentified type of matter which is needed to describe
several cosmological and astrophysical observations. Another example is the unexplained imbal-
ance between baryons and anti-baryons observed in the universe: both matter and antimatter
should have been produced in equal amounts in the Big Bang, but nowadays the universe is
made up only of baryonic matter. A third example is the nature of neutrino masses: given the
evidence of neutrino oscillations, the fact that the SM must be completed with mass terms for
the neutrinos is undeniable. However, if this mass could come from a Dirac type mass term or
from a Majorana type is yet unknown.
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The three examples just mentioned are only a few phenomena which cannot be addressed in
the SM. This points to a direction in which the SM must be completed in order to include the
explanation to many effects such the ones mentioned above. Since at the the electroweak scale
mW the SM predictions for many phenomena agree with the measurements, we can think of it
as a low energy realisation of a more complete theory which is characterised by a scale Λ mW .
The nature of the heavy degrees of freedom at scale Λ is not known. However, due to the large
energy separation between Λ and mW we can integrate them out to obtain a description of
their effect at the mW -scale through effective operators. More details on this procedure are
discussed in section 2.1. The full Lagrangian is made of two parts: the SM Lagrangian and an
infinite tower of effective operators with dimension d > 4, constructed from the SM fields and
suppressed by powers of the heavy scale Λ.
This procedure is analogous to obtaining the Fermi Lagrangian for leptons by integrating out
the W from the full SM. The main difference between the SM case and the beyond standard
model case is that we don’t know the exact nature of the high scale dynamics. This implies that
the values of the effective couplings of the higher dimensional operators cannot be determined
a priori or linked to any fundamental constant. However, we know they must respect the low-
energy symmetries of the system, in particular the SM gauge symmetry.
From these assumptions, the Lagrangian of the SM seen as an EFT, can be written as
Leff = Lgauge + Lhiggs + LYukawa + ∆Ld>4 , (1.21)
where ∆Ld>4 encodes the higher-dimensional operators:
∆Ld>4 =
∑
d>4
Nd∑
n=1
c(d)n
Λd−4
O(d)n . (1.22)
Even though we don’t have any prior on the effective coefficients c(d)n and the scale Λ, we can
expect them to fulfil the following properties:
• The scale Λ is expected to be O(1 TeV). In fact, if the scale Λ would be too high, it could
generate a big contribution to the corrections to the Higgs mass. This issue is generally
addressed as hierarchy “problem”.
• Without introducing any fine-tuning in the coupling constants, the effective couplings are
expected to be O(1) parameters if they are not suppressed due to symmetry reasons.
The fact that several dimension six operators contributing to flavour changing processes do not
respect these expectations goes under the so-called flavour problem.
The easiest way of quantifying the flavour problem is to perform tests of flavour-changing pro-
cesses. As a first approximation we can neglect the effect of NP for processes that arise in the
SM already at tree level. As a consequence, the values of |Vus|, |Vcb| and |Vub| are NP free in this
limit. We can then use the measurements of the SM loop mediated observables to set bounds on
NP operators. Specifically, we need to address the mixing of neutral mesons, such as Bd, Bs and
K0, which are generically denoted as ∆F = 2 processes. In full generality, the SM contribution
to ∆F = 2 amplitudes are dominated by box-diagrams mediated by a top quark exchange, with
an effect of the form:
MSM∆F=2 ≈
G2Fm
2
t
16pi2
(
V ∗3iV3j
)2 〈M |(diLγµdjL)2|M〉 F
(
m2t
m2W
)
, (1.23)
where M = Bd, Bs,K
0, F is a loop function which gives an order one contribution and i, j
denotes the flavour indices of the valence quarks accordingly to the choice of the state M .
The magnitude and phase of all the mixing processes just mentioned have been measured with
great accuracy. As we can see from figure 1.2, every time the experimental informations are
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Operator Bounds on Λ in TeV (cNP = 1) Bounds on cNP (Λ = 1 TeV) Observables
Re Im Re Im
(sLγ
µdL)
2 1.1× 103 2.0× 104 4.5× 10−9 0.6× 10−9 ∆mK ; K
(sRdL)(sLdR) 2.4× 104 4.3× 105 0.5× 10−10 1.3× 10−12 ∆mK ; K
(cLγ
µuL)
2 1.8× 103 1.0× 104 0.3× 10−7 0.3× 10−9 ∆mD; |q/p|,ΦD
(cRuL)(cLuR) 8.0× 103 4.5× 104 0.2× 10−8 0.2× 10−10 ∆mD; |q/p|,ΦD
(bLγ
µdL)
2 1.0× 103 1.0× 103 6.3× 10−7 7.1× 10−7 ∆mBd ;SψKS
(bRdL)(bLdR) 3.5× 103 3.5× 103 6.2× 10−8 5.4× 10−8 ∆mBd ;SψKS
(bLγ
µsL)
2 2.3× 102 2.3× 102 1.3× 10−5 1.4× 10−5 ∆mBs ;Sψφ
(bRsL)(bLsR) 4.8× 102 4.8× 102 1.1× 10−6 1.2× 10−6 ∆mBs ;Sψφ
Table 1.1: Bounds on dimension six operators which contributes to ∆F = 2 processes, assuming
a generic coupling cNP/Λ
2. The bounds in the second column are on Λ when setting cNP = 1,
in the third column on cNP when setting Λ = 1 TeV. The last column contains the observables
used to derive the bounds.
precise, the NP contribution cannot exceed the size of the SM contribution. The translation of
this fact into bounds on the scale of NP follows rather smoothly: let’s consider the following set
of ∆F = 2 dimension six operators
Oij∆F=2 = (Q
i
Lγ
µQjL) , (1.24)
where again i, j are the flavour indices in the mass basis. The operators in eq. (1.24) give a tree
level contribution to ∆F = 2 amplitudes, which would be proportional to the effective coupling
cij . Imposing that MNP∆F=2 <MSM∆F=2 implies the following bound on the NP scale:
Λ <
3.4TeV
|V ∗3iV3j |/|cij |1/2
<

9× 103 TeV× |c21|1/2 from K0 −K0 ,
4× 102 TeV× |c31|1/2 from Bd −Bd ,
7× 10 TeV× |c32|1/2 from Bs −Bs .
(1.25)
It is of course possible to refine this analysis, putting separate bounds on real and imaginary
part of the coefficients cij , and including operators with different Lorentz structures. The result
are summarised in table 1.1. The conclusions we can draw are mainly two:
• In the case of a NP model with an arbitrary flavour structure (i.e. cij = 1), the expected
NP scale Λ is way higher than the O(TeV), hence the model needs fine tuning.
• If we aim to have a NP scale Λ ∼ 1 TeV, we need a strong argument such that cij ≤
|V ∗3iV3j |2.
Note that the strong constraints extracted from ∆F = 2 observables are a consequence of their
strong suppression in the SM itself. In fact, they are loop suppressed and GIM and CKM sup-
pressed.
Nevertheless, we stress that despite the very good agreement between SM prediction and ex-
perimental measurements of Bd and K
0 mixing, further studies and measurements are very
important. In fact, any improvement on the present bounds will help constraining the NP scale
and the possible different structures that can arise.
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1.4 Flavour Symmetries beyond the SM
As shown in the previous sections, the peculiarity of SM flavour structure due to the CKM
rotation in flavour space renders very complicated to evade experimental bounds. In order to
do so, it is convenient to introduce a flavour symmetry and a set of specific breaking terms.
The specification of the flavour symmetry and the associated (small) breaking terms allows to
determine a pattern for the various flavour-violating couplings. In such way, the strong hierarchy
of the NP coupling, as expected from table 1.1, can be justified. We briefly review two possible
and well motivated choices: Minimal Flavour Violation (MFV) [10] and U(2)5 [11].
1.4.1 Minimal Flavour Violation
The main point of MFV consists in the fact that the flavour-violating interactions of the NP
sector are linked to the structure of Yukawa couplings in the SM itself. From an operative point
of view, this means to impose on the NP the very same flavour symmetry and the symmetry-
breaking term that we find in the SM.
In order to construct a model which respects the MFV hypothesis we need to specify two feature.
The first one is the flavour symmetry, which will be nothing but the flavour symmetry of the
SM in absence of Yukawa terms, described in eq. (1.3). Since the global symmetry of eq. (1.3)
is already broken in the SM, we need to introduce breaking terms also in the NP model. The
specification of the breaking terms is the second ingredient of our construction. The minimal
choice of MFV consists in introducing terms which break the flavour symmetry in the very same
way as they do in the SM. This means that the Yukawa terms are the only breaking source of
the flavour symmetry.
In order to actively introduce this fact, we can promote Yd and Yu to be non-dynamical fields
named spurions, which have non-trivial transformation property under Gq:
Yu ∼ (3, 3, 1) , Yd ∼ (3, 1, 3) . (1.26)
In the effective theory approach presented in section 1.3, we can affirm that the effective theory
satisfies the MFV hypothesis in the quark sector if all the higher dimensional operators con-
structed through the SM fields and Yi fields are invariant under CP and under the flavour group
Gq.
According to this rule, we can construct operators via an arbitrary number of Yukawa fields,
since they are dimensionless. In practice, this means to have terms of the type
[
Ya(Ya)
†]n, with
a = u, d. However, we can notice that the eigenvalues of the Yukawa matrices are small apart
for the top one, and the off-diagonal terms of the CKM matrix are small. This allows us to
completely neglect all the terms proportional to
[
Yd(Yd)
†]n in the basis in which Yd is diagonal.
Instead, for the up-type quark Yukawa matrix, the leading and non negligible contributions are
proportional to the top Yukawa and read[
Yu(Yu)
†]n
ij
∣∣∣∣
i 6=j
≈ ynt V ∗tiVtj . (1.27)
As a consequence, the leading effects in ∆F = 1 and ∆F = 2 amplitudes will be CKM suppressed
as in the SM:
A(di → dj)MFV = (V ∗tiVtj)A(∆F=1)SM
[
1 + a1
16pi2m2W
Λ2
]
,
A(Mij →M ij)MFV = (V ∗tiVtj)2A(∆F=2)SM
[
1 + a2
16pi2m2W
Λ2
]
,
(1.28)
where A(i)SM are the SM top-mediated loop amplitudes and ai are O(1) real parameters. Note that
the parameters ai depend on the specific choice of operator but they are flavour independent.
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This implies that for any quark transition s→ d, b→ d and b→ s, once the CKM dependence
is taken out, the relative correction for transition of the same type will be the same. If this
behaviour would be detected in experiment, it could provide a strong proof on the validity of
MFV hypothesis.
Another interesting feature of MFV pointed out in [12] is that several contraints used to deter-
mine the CKM elements are not affected by NP. As we can see from figure 1.2, only K and
∆mBd are sensitive to NP effects in the MFV framework.
1.4.2 U(2)5
The MFV construction is very interesting and provides a framework in which many constraints
are fulfilled. However it doesn’t provide any prescription to address the fermion mass problem,
namely the hierarchy between the Yukawa couplings in the SM.
A step in this direction can be made introducing a U(2)n flavour symmetry, where the first two
generations are governed by a U(2) symmetry weakly broken. As a consequence, only Yukawa
terms for the third generation are allowed, while the ones for the light families are forbidden
by the symmetry and are allowed only if (small) breaking terms are introduced. This goes in
the direction of motivating the strong hierarchy between the Yukawa couplings of the different
families.
In details, the flavour symmetry that we want to introduce reads
Gflavour = U(2)q × U(2)` × GR . (1.29)
For either the third generation of quarks and leptons, the left-handed fields are a singlet under
the complete flavour group Gflavour Under U(2)q × U(2)` the light generations of left-handed
fields combine into doublets and possess non trivial transformation properties. In practice we
have:
Q ≡ (q1L, q2L) ∼ (2, 1) , q3L ≡ q3L ∼ (1, 1) ,
L ≡ (`1L, `2L) ∼ (1, 2) , `3L ≡ `3L ∼ (1, 1) .
(1.30)
As regards GR, we chose it to have the form
GR = U(2)uR × U(2)dR × U(2)eR , (1.31)
such that E = (µR, eR) transforms as a doublet under U(2)eR and similarly for the right-handed
up and down type quarks.
We now want to describe Yukawa couplings in this framework. As a first step we notice that in
absence of any breaking terms of Gflavour the Yukawa matrices contain a non-zero entry only for
the top and the bottom. They assume the form
Yu(d) = yt(b)
(
0 0
0 1
)
(1.32)
where the first top left element represents a null 2× 2 matrix, the top right a null 1× 2 matrix
and the bottom left a null 2 × 1 matrix. Already at this stage, without the introduction of
any breaking terms, we have a big Yukawa coupling for the third generation, while the ones for
the light generations are zero. Although we know that the in reality the Yukawa for the light
generations are not exactly zero, this step goes in the direction of introducing an hierarchy for
the Yukawa.
The second step consists in identifying a minimal set of spurions which allow to recover the full
SM Yukawa couplings and, at the same time, to maintain a CKM-like structure for possible
FCNC transitions. This is achieved through the following
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1. We introduce a leading spurion V , which transforms under U(2)q × U(2)` as VQ ∼ (2, 1).
The Yukawa matrices are modified as follows:
Yu = yt
(
0 xtVQ
0 1
)
and Yd = yb
(
0 xbVQ
0 1
)
, (1.33)
where xt and xb are free parameters. What we achieved so far is giving mass to the third
generations and construct the mixing terms between light and heavy generations. Since
our final goal is to obtain a CKM-like structure, we expect that |VQ| ∼ |Vts| ∼ 0.04.
2. We introduce the mass and mixing terms for light generations by introducing the two
further subleading spurions ∆Yu and ∆Yd, which transform under U(2)q × U(2)uR and
U(2)q × U(2)dR respectively as bidoublets :
Yu = yt
(
∆Yu xtVQ
0 1
)
and Yd = yb
(
∆Yd xbVQ
0 1
)
. (1.34)
Regarding the lepton sector, a very similar construction can be achieved.
It is niw interesting to see how the spurions are connected with the CKM matrix. First we
choose a basis where we can parametrise the leading spurion V as
VQ =  UV sˆ2 , s2 =
(
0
1
)
, (1.35)
where UV is a 2× 2 unitary matrix and  is a real parameter expected to be of order |Vcb|. The
spurion ∆Yu and ∆Yd can be decomposed as
∆Yu = U
†
Qu
∆Y du UU ,
∆Yd = U
†
Qd
∆Y dd UD ,
(1.36)
where ∆Y du = diag(λd1 , λd2) and ∆Y
d
d = diag(λu1 , λu2) and Ui are 2× 2 unitary matrices. If we
perform a suitable rotation in the subspace U(2)3 of the quarks, the matrices UV , UU and UD
can be eliminated. In this basis we can express the Yukawa matrices as
Yu =yt
(
U †Qu∆Y
d
u xtsˆ2
0 1
)
, (1.37)
Yd =yb
(
U †Qd∆Y
d
d xbsˆ2
0 1
)
. (1.38)
At this point we need to address the relevant CP phases. First we note that the phase in yt
and yb can be reabsorbed into a rotation of t
c and bc and through a rephasing of uc and dc we
can set the diagonal entries of ∆Y du,d to be real. For symmetry reason we keep both phases in
xb,t and we parametrise as xf → xfeiφf , where xf is real and positive. The last components to
discuss are the matrices UQu,d which assume the general form
UQf =
(
cf sfe
iαf
−sfe−iαf cf
)
. (1.39)
In the following we set sf  1, as naturally implied by the alignment of the spurions ∆Yu,d in
the U(2)Q with respect to the leading breaking spurions.
We can now look at the diagonalisation of the Yukawa matrices and hence at the CKM structure.
The Yukawa are diagonalised by
UuLYuU
†
uR
= diag(yu, yc, yt) , UdLYdU
†
dR
= diag(yd, ys, yb) . (1.40)
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The left-handed up-type diagonalisation matrix can be expressed to a good approximation as
UuL =
(
UQu 0
0 1
)
×R23(st, φt) =
 cu sueiαu −sustei(αu+φt)−sue−iαu cuct −cucteiφt
0 ste
−iφt ct
 , (1.41)
where st/ct = xt and R23 encodes the mixing between second and third generation. For the
down quarks sector the expansion is the same. These expression are valid up to corrections of
order λu2(d2) to the 1− 2 and 2− 3 elements of UuL(dL) and even smaller corrections to the 1− 3
elements.
As regards the right-handed diagonalisation matrices, they become the identity if the light-quark
masses vanish. Neglecting the first generation eigenvalue and working at first order in λu2(d2)
we get
UuR =
1 0 00 1 −λu2steiφt
0 λu2ste
−iφt 1
 . (1.42)
A similar expansion holds for UdR with the substitutions λu2 → λd2 , st → sb and φt → φb.
We can now look at the CKM matrix, defined as V =
(
UuLU
†
dL
)∗
. Using the above parametri-
sation we obtain
V ≈
cucd + susde
i(αd−αu) −cusde−iαd + sucde−αu suse−i(αu−ξ)
cusde
iαd − sucdeiαu cucd + susde−i(αd−αu) cuseiξ
−sdsei(αd−ξ) −scde−iξ 1
 , (1.43)
where s = (xbe
−iφb−xte−iφt). At this stage, we want to match eq. (1.43) to the standard CKM
parametrisation. To do so we rephase imposing that at the leading order we are working with
Vud, Vus, Vcb, Vtb and Vcs are real, getting
V =
 1− λ
2
2 λ suse
−iδ
−λ 1− λ22 cus
−sdsei(φ+δ) −scd 1
 , (1.44)
where φ = αd − αu and the phase δ and the real positive parameter λ are defined by
sucd − cusdeiφ = λeiδ . (1.45)
The parametrisation eq. (1.43) is equivalent to the Wolfenstein parametrisation up to O(λ4)
presented in eq. (1.13). Further powers in the expansion parameters can be considered and the
quantities su, sd, s and φ can be determined in terms of the CKM parameters. Using tree level
inputs we get
s = |Vcb| = 0.0411± 0.0005 ,
su
cu
=
|Vub|
|Vcb|
= 0.095± 0.008 , sd = −0.22± 0.01 . (1.46)
As a consequence of U(2) symmetry, the ratio |Vtd/Vts| is of order λ and the smallness of su/sd
reflects into the the value of |Vub/Vtd|. This hypothesis agrees with the alignment of the spurions
∆Yu and V in the U(2)Q flavour space, as indicated by the ratio mu/mc.
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Chapter 2
B-physics: tools and phenomenology
An important role in this thesis is played by decays of hadrons with a b quark. The description
of such processes can be rather non trivial, since hadrons are described by non perturbative
dynamics. Also, many of these decays involve a complex interplay of strong, weak and elec-
tromagnetic interactions beyond the lowest-order, rendering the calculation of their branching
ratios quite challenging.
Fortunately, a powerful tool helps to simplify both problems, namely substituting the full SM
with a suitable EFT. Through an EFT it is possible to reduce a non trivial interaction to a sim-
plified form. As an example, the full SM is equivalent to considering the effective Fermi theory
for leptons when we want to calculate the branching fraction for muon decay into leptons.
In this chapter we are going to exploit the powerfulness of EFT applied to B physics. First,
in section 2.1, we briefly summarise the main general aspects of EFTs, in particular trying to
highlight the hypothesis under which such prescription is valid. In section 2.2 we present two ef-
fective theories commonly used in B physics. In section 2.3 we discuss the problems arising when
we consider hadronic transitions and finally in section 2.4 we summarise the state-of-the-art of
the SM prediction for some chosen observables and the comparison with data.
2.1 General remarks on Effective Field Theories
2.1.1 The path integral formulation
An EFT approach is a very convenient tool to use in quantum field theory. In fact, it provides
a formalism to apply every time we deal with a multi-scale problem. By means of it, we obtain
a substantial simplification of the calculation on a given field theory.
The main idea behind EFT is very simple. Let us consider a quantum field theory with a large
fundamental scale M , and suppose we are interested in investigating processes at a scale E  Λ.
It is quite natural to ask if, given the gap between Λ and M , we can perform an expansion of
quantities as decay rates or cross sections in powers of E/M . This can be achieved through the
following steps:
1. We introduce a cut-off scale Λ < M such that we divide the fields in our theory into
low-frequency and high-frequency modes
φ = φL + φH , (2.1)
where φL contains the modes with frequency ω < Λ and φH the ones with ω > Λ. We can
think about Λ as a threshold scale, above which often we do not know anything about our
theory. Due to the construction we are building, the low energy physics will be described
by means of φL only.
All the quantities we would like to calculate in our theory, are expressed in terms of
correlation functions. They can be expressed in the path integral formalism as:
〈0|T{φL(x1) . . . φL(xn)}|0〉 =
1
Z[0]
(
−i δ
δJL(x1)
)
. . .
(
−i δ
δJL(xn)
)
Z[JL]
∣∣∣∣
JL=0
, (2.2)
where
Z[JL] =
∫
DφLDφHeiS(φL,φH)+i
∫
d
d
x JL(x)φL(x) (2.3)
is the generating functional of the theory. The action is defined as S(φL, φH) =
∫
ddxL(x),
where d is the dimension of space-time and the Lagrangian L(x) depends on both φL and
φH . Note that since we are interested in a correlation function like eq. (2.2) where only the
low-frequency modes appear, also in the interaction term in eq. (2.3) it suffices to specify
the sources for the light degrees of freedom.
2. The second step is performing the path integral over the high-frequency fields. This gives
Z[JL] ≡
∫
DφLeiSΛ(φL)+i
∫
d
d
xJL(x)φL(x) , (2.4)
where
eiSΛ(φL) =
∫
DφH eiS(φL,φH) (2.5)
is called the Wilsonian action and depends on the choice for the cut-off Λ that we applied.
The procedure through which we removed the heavy degrees of freedom is also referred to
as integrating out the high-frequency modes from the generating integral.
3. The final step consists in expanding the the action SΛ(φL) in terms of local operators
made up by the light fields. The expansion can be done because we assumed E  Λ and
it is often called the operator product expansion (OPE). The result of this procedure can
be summarised as
SΛ(φL) =
∫
ddx LeffΛ (x) , (2.6)
where
LeffΛ (x) =
∑
i
giQi(φL(x)) , (2.7)
is called effective Lagrangian. Theoretically, it is an infinite sum over the local operators Qi,
which are made up from the light fields only, weighted over the different Wilson coefficients
gi. The selection of the operators appearing in eq. (2.7) depends on the symmetry of theory
we are working with.
The only point which still remains unclear is about the predictive power of the effective low
energy theory just constructed. In fact, the sum in eq. (2.7) contains in principle an infinite
number of operators, and apparently there is no motivation to restrict it to a few. In order to have
a better understanding, we can work out the dimensional analysis for the Wilson coefficients gi.
In fact, if we denote the mass dimension of the effective coupling as [gi] = −γi, we can perform
the following expansion:
gi = CiM
−γi (2.8)
where the coefficients Ci are dimensionless and are expected to be O(1) parameters.
At the low scale E  Λ < M the contribution of each operator Qi to any observable will scale
as
Ci
(
E
M
)γi
=

O(1) if γi = 0 ,
 1 if γi > 0 ,
 1 if γi < 0 .
(2.9)
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From this it is immediate to see that only operators with γi ≤ 0 give an important contribution
at low energy. This means that we are able to truncate the series in eq. (2.7) at some order
in E/M depending on the precision goal we aim to; once this is set, only a finite number of
effective operators will contribute at low energy.
2.1.2 The matching procedure
The path integral formulation just presented consists in a very interesting and precise method
to derive an effective Lagrangian from a complete theory. However, when we want to get rid of
high energy modes associated with quark and gluons, the path integral cannot be used. In fact,
the following two problems arise: first the path integral is not gaussian if QCD effects are taken
into account; second, at low energy strong interactions are not perturbative.
These difficulties are overcome using a matching procedure, made up of the following points:
1. We list all the possible gauge invariant operators at a fixed dimension in perturbation
theory, allowed by the symmetries and the quantum numbers of the low energy fields for
a given problem. Again, as in the path integral formulation, the accuracy we want to
achieve determines at which order we truncate the series of possible operators.
2. We write down the effective Lagrangian, where the Wilson coefficients Ci are unknown
quantities
Leff =
∑
d>4
∑
i
Ci
Λd−4
Qi . (2.10)
3. We extrapolate the values of the Wilson coefficients by comparing some amplitudes in the
full theory and the effective theory, namely
An = 〈fn|L|in〉 =
∑
d>4
∑
i
Ci
Λd−4
〈fn|Qi|in〉+ higher power corrections (2.11)
at a given order in perturbation theory.
With this procedure we can extract the values of the Wilson coefficients at the high scale where
the full theory lives. However, typically the effective Lagrangian framework that we are building
is used at a different energy scale. In order to evaluate the Wilson coefficients at any scale we
have to solve the renormalisation group equations (RGE) for the Wilson Coefficients.
This task can be challenging, depending on the level of accuracy needed. Some technical com-
ments on this procedure are in order.
Matching at one loop order. When matching an EFT to the full theory, two cases can
arise. Either the structure of radiative corrections is the same for the full theory and the EFT,
or they are different. As a result, in the latter case the expansion of the propagator of the heavy
degrees of freedom and the loop integral do not commute:∫
ddp
1
M2 − p2 f(p) 6=
1
M2
∫
ddp
(
1 +
p2
M2
+ . . .
)
f(p) . (2.12)
The differences between the r.h.s. and the l.h.s. arise in the large loop momentum region
p2 ∼ M2, but for such large momenta QCD is weakly coupled. In such regime, perturbation
theory is valid and can be used to calculate the differences between the matrix elements in the
two theories: such effects are accounted for by the Wilson coefficients. Further comments are in
order
• The IR regulators which appear in each intermediate step of the calculations, cancel into
the result for the Wilson coefficients.
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• Usually matrix elements in the effective theory are more singular than the ones in the
complete theory, and require additional UV subtractions (as the operator renormalisation).
This yields the renormalisation-scale and -scheme dependence of the Wilson coefficients.
Renormalization-Group Improved Perturbation Theory The renormalization-group
(RG) improved perturbation theory must be used every time in which, when calculating the
Wilson coefficients, the high scale M and the low scale µ where we would like to calculate our
matrix elements in the EFT are widely separated. As a consequence, the expansion parame-
ter will not be simply αs but rather αs log
M
2
µ
2 , and the latter can assume rather large values.
Such logarithms must be resummed at all orders in perturbation theory. Such resummation is
achieved by solving the RG equations. The procedure works as follows: at leading order (LO)
all terms of the form
(
αs log
M
2
µ
2
)n
with n = 0, . . . ,∞ are resummed. The result of this process
is an O(1) contribution to the Wilson coefficents. At next-to-leading order (NLO), also terms
of the type αs
(
αs log
M
2
µ
2
)n
are resummed, giving an overall O(αs) contribution.
Anomalous dimensions In order to perform the resummations just discussed, it is useful to
take a look at the renormalisation of the operators involved in the effective Lagrangian. Suppose
to have a complete basis of operators {Qi(µ)} with i = 1, . . . n at a fixed dimension. Once we
fix the scale µ, we can imagine to vary it by an infinitesimal quantity δµ. What happens is that
due to this variation, some terms from the operator will migrate to the Wilson coefficients and
vice versa, but the observables must remain unchanged. In practice this means:
A =
n∑
i=1
Ci(µ)〈Qi(µ)〉 =
n∑
i=1
Ci(µ− δµ)〈Qi(µ− δµ)〉 (2.13)
where A denotes any observable. In other words we are saying that the observables must be
scale independent:
dA
d logµ
= 0 ⇒ d
d logµ
n∑
i=1
Ci(µ)〈Qi(µ)〉 = 0 . (2.14)
From eq. (2.14) we need to perform the derivative of both Ci(µ) and 〈Qi(µ)〉. In order to do
so, we recall that the operators form a complete basis: this means that its derivative can be
expressed as a linear combination of the operators in the basis with suitable weights, namely
d
d logµ
〈Qi(µ)〉 ≡ −
n∑
j=1
γij(µ)〈Qj(µ)〉 . (2.15)
The coefficients γij are dimensionless and they measure the change of the operators under scale
variation. Note that they are free of any large logarithms. Commonly they are addressed as
anomalous dimensions. We can now plug in eq. (2.15) into eq. (2.14) to get an equation for the
Wilson coeffcients:
n∑
j=1
[
d
d logµ
Cj(µ)−
n∑
i=1
Ci(µ)γij(µ)
]
〈Qj(µ)〉 = 0 . (2.16)
Using again the fact that the operators form a basis and hence they are linearly independent,
we obtain:
d
d logµ
Cj(µ)−
n∑
i=1
Ci(µ)γij(µ) = 0 . (2.17)
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This is the RG running for the Wilson coefficients. It is convenient to express it in matrix form
as
d
d logµ
~C(µ) = γˆT (µ)~C(µ) . (2.18)
We can perform a further manipulation. In fact we note that the anomalous dimension matrix
γˆ depends on the scale µ only through its dependence on the strong coupling αs(µ). We can
then perform a change of variable from logµ to αs(µ) introducing the QCD β-function defined
as β = dαs(µ)/d logµ. We obtain
d
dαs(µ)
~C(µ) =
γT (αs(µ))
β(αs(µ))
~C(µ) . (2.19)
In order to solve the RG equations for the Wilson coefficients we need to determine some initial
conditions. This would be nothing but the sets of Wilson coefficients evaluated at some scale
M . The unique solution to eq. (2.19) is
~C(µ) = Tαexp
[∫ αs(µ)
αs(M)
dαs
γˆ(αs)
β(αs)
]
~C(M) , (2.20)
where Tα is an ordering operator.
The integration in eq. (2.20) depends in the anomalous dimension for each process and it can
be rather involved to carry out. Nevertheless we can perform a controlled expansion of the
quantities involved in, such as γ(αs), β(αs) and ~C(M). For simplicity, we also discuss only the
case in which we have one single Wilson coefficient: the generalisation can be found in [13]. In
our framework we have
γ(αs) = γ0
αs
4pi
+O(α2s) , β(αs) = −2αs
[
β0
αs
4pi
+O(α2s)
]
, C(M) = 1 +O(αs) , (2.21)
which brings us to the leading order solution
C(µ) =
(
αs(µ)
αs(M)
)− γ0
2β0
[1 +O(αs)] . (2.22)
The LO approximation we just used is meant for illustration purposes only, since it does not
provide the required accuracy. At NLO the accuracy we get is comparable with the one of a
one-loop calculation for a single scale problem. At this stage we need the two loop calculation for
the anomalous dimensions. The state of art of many calculations is nowadays the next-to-next
to leading order (NNLO) approximation.
2.2 EFTs for B-physics
The study of B-physics is extremely well suited for an EFT approach. In fact in this field we
have a typical multi-scale problem. Starting from the scale of the electroweak interactions mW ,
we can construct an EFT independent of the vector bosons and the top quark, valid up to the
scale µ = mb. This allows to substitute the full SM Lagrangian with an effective one made up
by four fermions operators weighted by some Wilson coefficients. In this field usually the Wilson
coefficients are addressed to as short distance effects. The result for cases of interest is discussed
in section 2.2.1.
On the other hand, another class of interesting phenomena is the description of the non-
perturbative dynamics which characterise hadrons. Also in this case, two different scale appear:
the high one is the mass of the heavy quark mb and the low one is the confinement scale ΛQCD.
This scale separation gives rise to an effective theory description of a non perturbative dynam-
ics when the decaying hadron has an heavy quark (b or c). This theory goes under the name
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of heavy quark effective theory (HQET) and can be used to calculate the form factors for a
hadronic process, which are also addressed to as long distance effects. Their definitions and uses
are discussed in section 2.3. The basic concepts from which HQET is build are summarised in
section 2.2.2.
2.2.1 The weak Lagrangian
The weak Lagrangian at low energies is constructed starting from the complete SM and inte-
grating out the heavy degrees of freedom such as the top quark, the W and the Z gauge bosons.
The complete basis we obtain is rather large. However, since the focus of this thesis is on b
quark decays, we can restrict the discussion only to the relevant operators for this type of pro-
cesses. On top of that, given the focus of this thesis, we will consider two classes of processes:
semileptonic b-hadron decays and flavour changing neutral current processes.
Semileptonic charged-current Lagrangian
Our task here is very easy: let us consider the charged-current semileptonic Lagrangian
LSMW =
g√
2
JµW (x)W
+
µ (x) + h.c. , (2.23)
where
JµW (x) = Viju
i
Lγ
µdjL + e
j
Lγ
µνjL (2.24)
is the weak charged current for quarks and leptons in the mass basis. We can now integrate out
the W field at tree level. The leading effective Lagrangian acquires the following form
Lleadingeff = −
4GF√
2
gµνJ
µ
W (x)J
ν†
W (x) , (2.25)
where we obtain the following relation between the Fermi constant and the W mass: GF /
√
2 =
g2/8m2W . Since our interest is in semileptonic decays, we may extract from eq. (2.25) the relevant
terms, obtaining
Lsemilept.eff = −
4GF√
2
Viju
i
L(x)γ
µdjL(x)νL(x)γµeL(x) + h.c. , (2.26)
where the lepton and consequently the neutrino can belong to each of the three families. Already
at this order, eq. (2.26) gives an extremely accurate description of semileptonic weak decays.
In fact, adding further terms will include corrections of the order O(m2B/m2W ) to the decay
amplitudes, which arise when we take into account operators with dimension eight in the effective
Lagrangian. However, in most of the cases, such terms are negligible.
As we saw in section 2.1, QCD corrections are very important and must be taken into account
properly. However, the case of charged semileptonic decays is very simple because the operator
eq. (2.26) is not renormalised by QCD. QED effects have been calculated in [14, 15] and found
to be small.
Flavour changing neutral-current transitions
The case of flavour changing neutral currents (FCNC) transitions is more complicated. In fact,
in the SM, such transitions are forbidden at tree level and arise at least at one loop order. Also,
contrary to what we saw for the semileptonic transitions, for FCNC the QCD corrections are
extremely important and a careful treatment of the RG must be taken into account.
For sake of simplicity we will now present the basis of operators referring to a specific choice
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of quarks, namely for transition of the type b→ s. At dimension six, the effective Hamiltonian
can be expressed as
H∆B=1eff = −
4GF√
2
[
VubV
∗
us (C1(O1c −O1u) + C2(O2c −O2u))
+ VtbV
∗
ts
∑
i 6=1u,2u
Ci(µ)Oi(µ)
]
+ h.c. ,
(2.27)
where we used CKM unitarity to eliminate the structure VcbV
∗
cs.
The operators in eq. (2.27) are defined as follows
O1c = (sLγµT acL)(cLγµT abL) , O2c = (sLγµcL)(cLγµbL) ,
O1u = (sLγµT auL)(uLγµT abL) , O2u =(sLγµuL)(uLγµbL) ,
O3 = (sLγµbL)
∑
q
(qLγ
µqL) , O5 = (sLγµγνγρbL)
∑
q
(qLγ
µγνγρqL) ,
O4 = (sLγµT abL)
∑
q
(qLγ
µT aqL) , O6 = (sLγµγνγρT abL)
∑
q
(qLγ
µγνγρT aqL) ,
O7 =
e
(4pi)2
mb(sRσ
µνbL)Fµν , O9 =
e2
(4pi)2
(sLγµbL)(`γ
µ`) ,
O8 =
gs
(4pi)2
mb(sRσ
µνT abL)Gµν , O10 =
e2
(4pi)2
(sLγµbL)(`γ
µγ5`) .
(2.28)
Here Fµν and G
a
µν are the field strength tensor of the photon and the gluon respectively.
The Wilson coefficients of the operators in eq. (2.28) must be evaluated at an arbitrary renor-
malisation scale below the electroweak scale. At this purpose, the RG-improved perturbation
theory techniques are helpful and allow the resummation of large logarithms. The state of the
art of the calculation in the SM can be found in [16–19], where both the anomalous dimensions
and the Wilson coefficients are evaluated at NNLO.
The interest that we have is to use the effective Hamiltonian in eq. (2.27) to evaluate transitions
of the type b → s``, which are mediated by the operators O7, O9 and O10. We stress that the
complete basis of operators in eq. (2.28) is required even for these transitions. In fact, looking
at the form of the anomalous dimension matrix presented in [16–19], we can immediately see
that it is not diagonal. This means that the Wilson coefficients mix due to the running. In
particular the Wilson coefficient C9 at a scale µ ≈ mb receives contributions also from the four
quark operators. We note also that C10 is not renormalised by QCD corrections.
In the case of NP scenarios, the basis in eq. (2.28) is not sufficient. In fact, depending from the
structure of the high energy degrees of freedom we want to probe, more operators can arise. The
NP may not respect the chirality of the SM and interactions of the type V +A can arise. On this
purpose, we can introduce the chirality flipped operators O′i, where i = 7, 9, 10, obtained from
the operators Oi by the exchange L(R) ↔ R(L). Moreover, NP may provide (pseudo-)scalar
operators. The list of further operators needed to take into account any NP effect is as follows
O(′)S =
e2
(4pi)2
(sR(L)bL(R))(``) , OP =
e2
(4pi)2
(sR(L)bL(R))(`γ5`) . (2.29)
2.2.2 HQET
HQET is an effective theory constructed on the following hypothesis: if we only consider hadrons
with a heavy quark (i.e. a b or a c quark), the mass of the heavy quark is much higher than the
confinement scale ΛQCD. Such gap between the two energy scales provides the perfect scenario
for an effective theory approach. Inside the hadron, the energy of the heavy quark E ∼ mb,c
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can be seen as a short distance effect with respect to the light degrees of freedom with energy
E ∼ ΛQCD. Basically, HQET aims to describe soft interactions of a single heavy quark into a
single hadron.
The heavy quark is surrounded by a strongly interacting cloud of light quarks, antiquarks and
gluon. This cloud is often referred to as brown muck.
The first step of the construction is to observe that inside the hadron the heavy quark moves
almost at the same velocity of the hadron v and it is almost on-shell. This allows to parametrise
the heavy quark momentum as
pµQ = mQv
µ + kµ , (2.30)
where kµ is the residual momentum and the magnitude of its components is much smaller than
mQ. Any interaction of the heavy quark with the brown muck will induce a shift in the residual
momentum of order ∆kµ ∼ ΛQCD, but as mQ/ΛQCD → ∞ the variation of the heavy quark
velocity vanishes.
At this stage, we notice that we can rewrite the heavy field as a superposition of large and small
component, defined as
hv(x) = e
imQv ·xP+Q(x) ,
Hv(x) = e
imQv ·xP−Q(x) ,
(2.31)
where P± are projector operators defined as
P± =
1± /v
2
. (2.32)
From the definitions above, it follows that
Q(x) = e−imQv ·x [hv(x) +Hv(x)] . (2.33)
It is straight forward to verify that /vhv(x) = hv(x) and /vHv(x) = −Hv(x). In the rest frame,
hv corresponds to the two upper components of Q, while Hv to the lower ones. Furthermore, we
can see that hv annihilates a heavy quark with velocity v, while Hv creates a heavy anit-quark
with velocity v.
We can now rewrite the QCD Lagrangian in terms of the projection hv and Hv just described.
We obtain
LQ = hviv ·Dhv −Hv(iv ·D + 2mQ)Hv + hvi /D⊥Hv +Hvi /D⊥hv , (2.34)
where Dµ⊥ = D
µ−vµv ·D satisfies the condition of being orthogonal to the heavy quark velocity:
v ·D⊥ = 0.
Some comments on eq. (2.34) are in order. It is manifest that hv describes massless degrees of
freedom, while Hv corresponds to fluctuations with twice the heavy quark mass. These are the
heavy degrees of freedom which will be eliminated in the construction of the effective theory.
The last two terms in eq. (2.34) mix the hv and Hv components, and will give rise to non-local
terms in the effective Lagrangian, as we will see shortly.
The heavy degrees of freedom can be eliminated using the equations of motion in QCD. Recalling
that the equations of motion for the field Q read (i /D−mQ)Q = 0, and using the decomposition
of the field Q in eq. (2.33), we obtain:
i /Dhv + (i /D − 2mQ)Hv = 0 . (2.35)
By means of multiplication by P±, eq. (2.35) can be turned into the following set of independent
equations:
−iv ·Dhv = i /D⊥Hv , (2.36)
(iv ·D + 2mQ)Hv = i /D⊥hv . (2.37)
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In particular, eq. (2.37) can be solved with respect to Hv
Hv =
1
2mQ + iv ·D − iη
i /D⊥hv . (2.38)
The equation of motion for hv can be found substituting eq. (2.38) into eq. (2.36). The effective
Lagrangian looks like
Leff = hviv ·Dhv + hvi /D⊥
1
2mQ + iv ·D − iη
i /D⊥hv . (2.39)
Given the exponential factor in eq. (2.33), the dependence of the heavy quark field hv on x is
very mild, and in momentum space derivatives of hv give terms proportional to the residual
momentum. This means that the effective Lagrangian eq. (2.39) can be expanded in powers of
iD/mQ. It useful to use the following identity to readjust the second term in eq. (2.39)
P+i /D⊥i /D⊥P+ = P+
[
(iD⊥)
2 +
gs
2
σαβG
αβ
]
P+ , (2.40)
where [iDα, iDβ] = igsGαβ is the definition of the gluon strength tensor. At order 1/mQ, the
effective Lagrangian can be rewritten as
Leff = hviv ·Dhv +
1
2mQ
hv(iD⊥)
2hv +
gs
4mQ
hvσαβG
αβhv +O
(
1
m2Q
)
. (2.41)
In the limit mQ →∞ we are left with only one term
L∞ = hviv ·Dhv . (2.42)
The Lagrangian in eq. (2.42) is the HQET Lagrangian.
We can now study the symmetries of HQET Lagrangian. Since there are no Dirac matrices
in eq. (2.42), the interaction of the heavy quark with a gluon leaves its spin unchanged. This
ensures that L∞ is invariant under the SU(2) symmetry group. We can study the action of
such group on the heavy quark fields. For simplicity, we can do so in the rest frame, where the
generators of spin SU(2) look like
Si =
1
2
(
σi 0
0 σi
)
=
1
2
γ5γ
0γi , (2.43)
where σi are the Pauli matrices. In a general frame, we can fix a set of three orthonormal vectors
such that v · e = 0 and define the generator of spin symmetry as Si = 12γ5/v/ei. It can be verified
explicitly that the matrices Si follow a SU(2) algebra and they commute with /v:
[Si, Sj ] = iijkSk , [/v, S
i] = 0 . (2.44)
We can now study the effect of an infinitesimal transformation of SU(2) spin symmetry applied
on L∞. The heavy quark field transforms as hv → (1 + ~ · ~S)hv, which leaves the HQET
Lagrangian invariant
δL∞ = hv[iv ·D, i~ · ~S]hv = 0 , (2.45)
preserving also the on-shell condition /vhv = hv.
There is another symmetry arising, linked to the fact that the heavy quark mass do not appear
in L∞. Supposing to have Nh heavy quarks moving at the same velocity v, the Lagrangian L∞
can be easily extended as
L∞ =
Nh∑
i=1
h
i
v iv ·Dhiv . (2.46)
This Lagrangian is clearly invariant under rotations in flavour space. If we combine this result
with the spin symmetry, the symmetry group under which the Lagrangian is invariant becomes
SU(2Nh) and it’s called the heavy quark spin-flavour symmetry. Physically it means that in the
limit mQ →∞ the strong interactions of a heavy quark are independent of its spin and mass.
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2.3 Hadronic matrix elements
In the next chapter of this thesis great emphasis will be given to decays of hadrons with a b
quark. In light of this, it is important to have a look at these processes in more details.
Generically speaking, the hadronic transitions we are interested in are of the type Hb → Hq,
where Hb is a generic hadron with a b quark and Hq a generic hadronic final state. In the
following we will specialise in the case q = u, c, s.
When we calculate any observable we need to evaluate the following matrix element
A ∝ 〈f |O|i〉 , (2.47)
where i and f are a generic initial and final state and O any operator.
In the case we want to address we can further decompose
|i〉 = Hb , |f〉 = HqF` , O = q Γµb O˜µ . (2.48)
where F` is a generic final state made up of leptons, O˜µ is an operator which may contain quarks
or leptons and Γµ is any Lorentz structure that may arise in our theory.
The parametrisation of such amplitudes is rather challenging: in fact, since in both initial
and final states we deal with hadrons, we somehow need to estimate non-perturbative effects.
However, a relevant distinction arises, namely concerning the form of O˜µ. If O˜µ contains only
leptons, the amplitude A factorises in a hadronic Aµhad and leptonic Aleptµ defined as
Aµhad = 〈Hq|q Γµb |Hb〉 ,
Aleptµ = 〈F`|O˜µ|0〉 .
(2.49)
The leptonic part encoded by Aleptµ is trivial to evaluate. The hadronic amplitude Aµhad can
be parametrised in terms of form factors, namely distributions which parametrise the fact that
the interaction driven by the operator q Γµb happens inside the hadrons and not between free
quarks.
The strategy to evaluate the form factors reads as follows:
1. We identify the number of Lorentz independent structures needed to describe the specific
hadronic transition we are interested in. This depends on the quantum numbers of the
hadrons in the initial and final states and on the Lorentz structures Γµ.
2. We assign to each structure a form factor. This means that the number of independent
Lorentz structures is the same as the independent form factors.
The only ingredient we are still missing is the structure of the form factors. Unfortunately there
are very few first principles that can help us in parametrising the form factors.
One powerful instrument is Lattice QCD (LQCD), which allows us to calculate the non-perturbative
effects encoded in the form factors. However, LQCD calculations of the form factors are not
available for all hadronic final state and in their whole kinematical spectrum. One of the contro-
versial cases involves excited mesons: for them, only partial calculations are known and usually
more theory inputs are needed to complete LQCD predictions.
In the case in which O˜µ is made up by only quarks, the factorisation in eq. (2.49) is not possi-
ble, and the amplitude must be evaluated all together. There are non-perturbative techniques
able to evaluate such contributions, but their description goes beyond the scope of this thesis.
However, we will point out the most up to date literature on such attempts when needed.
From now on, we will concentrate on the parametrisation of form factors in some specific case:
B → P decay, where P is a generical pseudoscalar and B → V , where V is a vector particle.
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The decomposition for the hadronic matrix element for the B → P transitions is as follow
〈P (k) | qb |B(p)〉 = m
2
B −m2P
mb(µ) +mq(µ)
f0(q
2) , (2.50)
〈P (k) ∣∣ qγµb ∣∣B(p)〉 =
[
(p+ k)µ −
m2B −m2P
q2
qµ
]
f+(q
2) +
m2B −m2P
q2
qµf0(q
2) , (2.51)
〈P (k) ∣∣ qσµνb ∣∣B(p)〉 = imB +mP [(p+ k)µqν − qµ(p+ k)ν] fT (q2) , (2.52)
where the momentum transfer is defined as qµ = pµ − kµ. The functions f+(q2), f0(q2) and
fT (q
2) are known as vector, scalar and tensor form factor respectively. Note that eq. (2.50) and
eq. (2.51) are related via the QCD equations of motion for quark fields. The decay channel we
will use in the following are P = pi,D,K. In all these decay channels, accurate LQCD results
are available. They are presented in Refs. [20–22].
Regarding the transition B → V , the structures needed are more involved. The general
parametrisation looks like
〈V (k) | qγ5b |B(p)〉 = − 2i
mV
mb(µ)−mq(µ)
(η∗ · q)A0(q2) , (2.53)
〈V (k) ∣∣ qγµb ∣∣B(p)〉 = 2 V0(q2)mB +mV µνρση∗νpρkσ , (2.54)
〈V (k) ∣∣ qγµγ5b ∣∣B(p)〉 = iη∗ν[2mVA0(q2)qµqν
q2
+ (mB +mV )A1(q
2)
(
gµν −
qµqν
q2
)
−A2(q2)
qν
mB +mV
(
(p+ k)µ −
m2B −m2V
q2
(p− k)µ
)]
, (2.55)
〈V (k) ∣∣ qiσµνqνb ∣∣B(p)〉 = − 2T1(q2)µνρση∗νpρkσ , (2.56)
〈V (k) ∣∣ qiσµνγ5qνb ∣∣B(p)〉 = iT2(q2) [η∗µ(m2B −m2V )− (η∗ · q)(p+ k)µ]
+T3(q
2)(η∗ · q)
[
qµ −
q2
m2B −m2V
(p+ k)µ
]
, (2.57)
where ηµ denotes the polarisation vectors of V .
The state of the art of the form factors is more involved in the vector case. For V = K∗ LQCD
results have been produced at high q2 [23, 24], while at low q2 light cone sum rules apply. A
combined fit of the two results to a z-expansion parametrisation of the form factor is presented
in [25]. On top of this, non-perturbative contributions non proportional to the form factors
may arise from four quarks operators. Addressing this effects is rather complex; nevertheless,
they may generate sizeable effects in the amplitude for B → K∗`` decays. Many attempts to
parametrise such contributions have been carried out and the details are in [26,27].
In the V = D∗ case LQCD inputs are available only in the zero-recoil point. This is a good
example where HQET plays an important role. In fact, through the techniques of HQET, it is
possible to relate at leading order all the form factors for a B → D∗ transition to a universal
form factor known as Isgur-Wise function ξ(w), where w = v · v′ and v, v′ are the velocity of
the b and c quarks respectively. In this framework, the hadronic matrix elements for a B → D∗
transitions are expressed as
1√
mBmD
〈D∗(v′, η) ∣∣cv′γµbv∣∣B(v)〉 = iµνρση∗νv′ρvσξ(w) , (2.58)
1√
mBmD
〈D∗(v′, η) ∣∣cv′γµγ5bv∣∣B(v)〉 = [η∗µ(v · v′ + 1)− v′µη∗ · v] ξ(w) . (2.59)
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The remarkable consequence comes from the fact that comparing eq. (2.53) and eq. (2.54) to
eq. (2.58) and eq. (2.59) respectively, we can express the form factors V (q2) and A0,1,2(q
2) at
leading order in the heavy quark expansion in term of a unique Isgur-Wise functions ξ(w).
This comparison works only at leading power in 1/mb,c and do not address QCD corrections
proportional to powers of αs. Such corrections are calculated in [28].
Even using this description, some inputs are needed to have a numerical expression for the form
factors. Such inputs are obtained using data. In [29] we find a collection of all the inputs
and expression needed to parametrise the form factors. A more updated analysis can be found
in [30].
2.4 The present status: data vs SM predictions
The techniques presented in the previous sections of this chapter are very useful to build up
the SM prediction for many observables in semileptonic and rare B decays. What turns out to
happen is that when we compare the SM predictions for such quantities to the experimental
measurements, some tension is observed, making these processes very interesting to be further
investigated.
In the following, we list and discuss the most relevant observables for the channel b→ c`ν` and
b→ s`+`−.
Semileptonic b→ c`ν
In the b→ c`ν channel, the key observables are the universality ratios R
D
(∗) , defined as:
R
D
(∗) =
B(B → D(∗)τντ )
B(B → D(∗)µνµ)
. (2.60)
The choice of introducing a ratio instead of looking at the single branching ratios comes from
the fact that the uncertainties on a single branching ratio can be big. This comes from the fact
that the uncertainties on the form factors are rather big. As a consequence, we need to find
observables in which the dependence on the form factors is rather small and hence the error is
also reduced. The ratios R
D
(∗) are the first example of observable built following this principle.
Before showing the SM prediction for R
D
(∗) , it is worth discussing the anatomy of such ratios.
The decay width of the process B → D(∗)τντ can be expressed as a sum of two terms:
dΓτ
dq2
=
dΓτ,1
dq2
+
dΓτ,2
dq2
,
dΓτ,1
dq2
=
dΓ
dq2
(
1− m
2
τ
q2
)2(
1 +
m2τ
2q2
)
,
dΓτ,2
dq2
= Γ0
m2τ
q2
c0 ,
(2.61)
where dΓ
dq
2 represents the decay width in the case of massless charged lepton in the final state
and Γ0 is a normalisation factor. The coefficient c0 encodes a sum of modulus square of form
factors, weighted on some kinematical functions which depend on the hadronic final state we are
taking into account, namely the D or the D∗ case. As a general comment so far we note that
since
dΓτ,2
dq
2 is proportional to the mass of the charged lepton in the final state, it is non negligible
in the semitauonic mode only. This means that the in the semimuonic mode, we can consider
the muon to be massless and approximate the decay width with dΓ
dq
2 . This approximation is well
justified also numerically.
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The decomposition eq. (2.61) reflects also onto the ratios R
D
(∗) which can also be written as a
sum of terms as
R
D
(∗) = R
τ,1
D
(∗) +R
τ,2
D
(∗) , (2.62)
where
Rτ,1
D
(∗) =
∫ q2max
m
2
τ
dq2
dΓτ,1
dq
2∫ q2max
0 dq
2 dΓ
dq
2
, and Rτ,2
D
(∗) =
∫ q2max
m
2
τ
dq2
dΓτ,2
dq
2∫ q2max
0 dq
2 dΓ
dq
2
, (2.63)
and q2max = (mB −mD(∗))
2.
For the B → D case, both Rτ,1
D
(∗) and R
τ,2
D
(∗) can be precisely determined due to LQCD deter-
minations of the form factors. Recently, in [31], the two lattice results in [21, 32] have been
combined leading to
Rτ,1D = 0.176 R
τ,2
D = 0.123 ,
RSMD = 0.299± 0.003 ,
(2.64)
where we can see that the mass dependent terms encoded in Rτ,2D are large.
In the B → D∗ channel the situation is more complicated since, as already mentioned, the
LQCD determination of the form factors is rather poor, and many inputs are extracted from
data. The decomposition in eq. (2.61) shows why this point is rather delicate. The data driven
inputs for the form factors for the B → D∗ mode must be extracted in the semimuonic channel
since the experimental spectrum in the semitauonic case is not reliable enough. This implies
that all the information needed to determine the form factors encoded in the coefficient c0 of
eq. (2.61) can’t be extracted from data and hence we must rely on theory inputs as the ones
from HQET. As it is shown in [30], as a consequence of this fact the uncertainty on Rτ,2
D
(∗) is large.
However, when we look at the numerical value of Rτ,1
D
∗ , R
τ,2
D
∗ and eventually RD∗ we find [30]:
Rτ,1
D
∗ = 0.232 R
τ,2
D
∗ = 0.028 ,
RSMD∗ = 0.260± 0.008 .
(2.65)
Therefore, even if potentially the uncertainty on Rτ,2
D
(∗) might contribute heavily to the error
budget of RD∗ , the magnitude of R
τ,2
D
(∗) is so small with respect to the one of R
τ,1
D
(∗) that the
overall contribution to the error budget does not exceed a few per cent.
On the experimental side, BaBar, Belle and LHCb collaboration provided several measurements
of both R
D
(∗) universality ratios. The results are summarised in table 2.1. The difference
between the three Belle determinations [33–35] is the method applied to reconstruct the τ in
the final state, namely through its leptonic or hadronic decays. The same argument holds for
the LHCb determinations in [36,37].
If we average the experimental results for RD and RD∗ [38] and we compare them to the SM
predictions, we obtain 2.4σ and 2.6σ deviations respectively for the two observables. It is quite
interesting to look also at the combined deviation, which turns out to be of ∼ 3.7σ with respect to
the SM. From a phenomenological point of view, this is very interesting. In fact, the B → D(∗)`ν
decays happen in the SM at tree level, and such big deviation needs a big tree level contribution
in a NP scenario to be explained. As a consequence, as we will see in Part IV, the the effective
scale of NP must be rather low.
FCNC b→ s``
The FCNC b → s`` offer a variety of channels to be probed. In the following we refer to the
most sensitive up to now.
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RD RD∗
BaBar 0.440± 0.058± 0.042 [39] 0.440± 0.058± 0.042 [39]
Belle 0.375± 0.064± 0.026 [33]
0.293± 0.038± 0.015 [33]
0.302± 0.030± 0.011 [34]
0.270± 0.035+0.028−0.025 [35]
LHCb -
0.336± 0.027± 0.030 [36]
0.285± 0.019± 0.029 [37]
Table 2.1: Experimental measurements of RD and RD∗ .
RK [1 GeV
2, 6 GeV2] RK∗ [1.1 GeV
2, 6.0 GeV2] RK∗ [0.045 GeV
2, 1.1 GeV2]
0.745+0.090−0.074 ± 0.036 [42] 0.69+0.11−0.07 ± 0.05 [43] 0.66+0.11−0.07 ± 0.03 [43]
Table 2.2: Experimental measurements of the universality ratios R
K
(∗) performed by LHCb.
As shown for the semileptonic decays, also in this case it is possible to construct quantities with
low uncertainties. Following this principle, we can construct the following observable
RM [q2min, q2max] ≡
∫ q2max
q
2
min
dB(B→Mµ+µ−)
dq
2 dq
2
∫ q2max
q
2
min
dB(B→Me+e−)
dq
2 dq
2
, (2.66)
where M can be any hadron with an s quark with allowed quantum numbers and q2 is the
invariant mass of the lepton pair in the final state. Given the measurements available so far, we
will discuss the case M = K,K∗. An interesting and important point is the binning choice for
such observables. In fact, looking at the B → K or B → K∗ spectrum, many resonances arise.
The most important ones are the J/Ψ and the ψ(2S), which are bound states of cc quarks. The
choice of binning must be done in such a way that in the region of choice the pollution due to
the resonances is under control. Moreover, for the mode M = K∗, we need also to disentangle
the low q2 region from the rest of the spectrum: in fact, due to the contribution of the operator
O7 in eq. (2.28), at very high recoil the process is dominated by an almost on-shell photon.
The experimental measurements for the universality ratios performed by LHCb are summarised
in table 2.2. The most up to date SM predictions for the ratios R
K
(∗) are presented in [40] and
are discussed in details in chapter 5. For completeness, we report the results postponing the
discussion of their derivations to chapter 5:
RSMK [1 GeV
2, 6 GeV2] = 1.00± 0.01 , (2.67)
RSMK∗ [1.1 GeV
2, 6.0 GeV2] = 1.00± 0.01 , (2.68)
RSMK∗ [0.045 GeV
2, 1.1 GeV2] = 0.91± 0.03 . (2.69)
The comparison of eq. (2.67) with the measurements in table 2.2 shows a deviation from 2.1σ
to 2.6σ for the different bins.
Before commenting further on the relevance of such results and on further observables, it is
worth to discuss more the bin q2 ∈ [0.045 GeV2, 1.1 GeV2] for RK∗ . The fact that the operator
O7 dominates the SM prediction at very low q2 makes the interpretation of the deviation in this
bin rather intriguing. As shown in [41] even in the presence of new physics scenarios able to
explain the tension in the region q2 ∈ [1 GeV2, 6 GeV2], the low q2 bin remains controversial.
Apart from the universality ratios, other observables have been measured. In particular, great
effort has been made to study the decay B → K∗(→ Kpi)µ+µ−. The study of this decay
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Figure 2.1: Experimental measurement of the observable P ′5 in comparison with the SM predi-
tions.
mode offers a rich variety of angular observables to be tested. For completeness and better
understanding, we report the decay width for the decay B → K∗(→ Kpi)µ+µ− avareged on the
CP conjugate state
1
d(Γ + Γ)/dq2
d4(Γ + Γ)
dq2dΩ
=
9
32pi
[
3
4
(1− FL) sin2 θK + FL cos2 θK +
1
4
(1− FL) sin2 θK cos 2θ`
− FL cos2 θK cos 2θ` + S3 sin2 θK sin 2θ` cos 2φ
+ S4 sin 2θK sin 2θ` cosφ+ S5 sin 2θK sin θ` cosφ
+
4
3
AFB sin
2 θK cos θ` + S7 sin 2θK sin θ` sinφ
+ S8 sin
2 θK sin 2θ` sinφ+ S9 sin 2θK sin 2θ` sin 2φ
]
,
(2.70)
where the angle definition follows from [44]. From the base of observables FL, AFB and Si, we
can define optimised observables, where the hadronic uncertainties are reduced. In particular,
we highlight the following one
P ′5 =
S5√
FL(1− FL)
. (2.71)
In figure 2.1 we see the measurements of P ′5 in different bins of q
2 as shown in [44]. We can see
that in the central bins, a deviation with the SM is observed at the level of 3.4σ. Some effort
in the measure of P ′5 has been made also by Belle. They perform the analysis not only in the
muon mode but also in the electron mode. This is very interesting, because it could clarify if
the deviations observed in the b → s`` channel are due to the muon or the electron modes or
both. However, as shown in [45], the sensitivity is not enough to draw any conclusion. It’s also
worth to mention that ATLAS and CMS presented a measurement of P ′5 in [46] and [47], but
their measurements are affected by quite big errors. As a conclusion, so far no experiments have
been able to confirm or reject the LHCb measurement.
The observables R
K
(∗) and P
′
5 here presented are the most significant one in the channel b→ s``.
Their significance is not high but it points to a coherent pattern of deviations with respect to
the SM. Many analysis including all the data in the b → s`` channel have been performed
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in [41, 48–54]. It is shown that the combined significance for this channel can be rather high,
but a clear explanation of which physics lies underneath it is still far away.
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Part II
Precise predictions within the
Standard Model: charged current
processes
33

Chapter 3
Impact of leptonic τ decays on the
distribution of B → Pµν decays
3.1 Introduction
In this chapter we concentrate on the simplest of LFU ratios for the charged current hadronic
transition b→ c, namely
RP =
B(B → Pτν)
B(B → Pµν) , (3.1)
where P = D,pi.
The theoretical estimate of RP within the SM relies dominantly on the hadronic form factors f+
(the vector form factor) and f0 (the scalar form factor), see appendix A.1 for their definitions. For
both final states, precise lattice QCD result of these form factors have recently been published
[20,21]. In addition, Light-Cone Sum Rules (LCSRs) results for theB → pi vector form factor and
two of its derivatives have been obtained, which complement the lattice QCD results. According
to these studies the SM prediction for RD [21] is
RSMD = 0.299± 0.003 . (3.2)
On the experimental side, measurements of the ratio RD have been published by both BaBar [39]
and, more recently, by Belle [33],
RBaBarD = 0.440± 0.058± 0.042 , RBelleD = 0.375± 0.064± 0.026 , (3.3)
while only upper experimental bounds on Rpi are available [55]. Combining Babar and Belle
results, and normalizing them to the SM, leads to
∆RD =
RexpD
RSMD
− 1 = 0.36± 0.15 . (3.4)
This deviation from the SM is not particularly significant; however, a similar effect has been
observed also in the RD∗ ratios [33,36,39]. Combining the two deviations, which are compatible
with a universal enhancement of semileptonic b → cτν transitions over b → cµν ones, the
discrepancy with respect to the SM raises to about ∼ 4σ. This fact has stimulated several
studies on possible New Physics (NP) explanations (see e.g. Ref. [56–59]). As pointed out in
Ref. [58], because of τ → `νν decays, a possible enhancement of semileptonic b→ cτν transitions
may have a non-trivial impact in the extraction of |Vcb| from the corresponding b→ c`ν modes,
and this impact is likely to be different for exclusive and inclusive modes.
Our main goal is to analyze how leptonic τ → µνν decays affect the determination of RP
and, more generally, the kinematical distribution of B → Pµν decays via the decay chain
B → Pτ(→ µνν)ν As we will discuss, our results provide a first attempt toward new strategies
to improve the determination of RP from data and, possibly, also the determination of |Vcb| and
|Vub|. At first glance, leptonic τ decay modes might seem unimportant, since they occur at the
expense of an additional power of the Fermi coupling GF at the amplitude level. However, this
process occurs on-shell and the suppression of the τ decay amplitude is compensated by the
inverse of the τ lifetime appearing in the τ propagator. This becomes already apparent in the
τ → µνµντ branching fraction: B(τ → µνµντ ) = (17.41± 0.04)% [60]. It is therefore interesting
to calculate the rate for the decay chain B → Pτ(→ µνν)ν, and compute numerically its impact
on the observable rate of B → PµXν , Xν = {ν, ννν}, to which we will henceforth refer as the
“neutrino-inclusive” decay.
The layout of this chapter is as follows. We continue in section 3.2 with definitions and the bulk of
our analytical results. Numerical results and their implications are presented in section 3.3, and
we summarise in section 3.4. The appendices contain details on the form factors in appendix A.1,
details on the kinematic variables in appendix A.2, and the numeric results of the 3ν PDFs in
appendix A.3.
3.2 Setup
3.2.1 Kinematics
As anticipated in the introduction, in this analysis we assume that experiments cannot distin-
guish between the semileptonic decay B → Pµν and B → Pτ(→ µνν)ν using the missing-mass
information. This assumption certainly holds for analyses performed at hadron colliders (e.g.,
by the LHCb experiment1). On the other hand, it does not hold for analyses performed at e+e−
colliders with flavour tagging based on the full reconstruction of the opposite B decay, where
B → Pµν and B → Pτ(→ µνν)ν will be clearly distinguished using the missing-mass informa-
tion. The latter type of analyses will certainly provide precise results in the future; however,
they cannot be performed at present and will require high statistics. It is therefore useful to
discuss the case where there is no (or poor) missing-mass information.
We write for the neutrino-inclusive differential decay width to one muon:
dΓ (B → PµXν)
dq2 dcos θ[µ]
≡ dΓ (B → Pµνµ)
dq2 dcos θ[µ]
+
dΓ (B → Pτ(→ µνµντ )ντ )
dq2 dcos θ[µ]
≡ dΓ 1
dq2 dcos θ[µ]
+
dΓ 3
dq2 dcos θ[µ]
.
(3.5)
In the above, we introduce the shorthand Γn for the specific decay width with n = 1 or n = 3
neutrinos in the final state.2 The kinematic variable are defined as follows.
• We define qµ as the momentum transfer away from the B-P system, i.e.: qµ ≡ pµ − kµ,
where p and k are the momenta of the B and P = D,pi mesons, respectively. For Γ1 this
implies that qµ coincides with the momentum of the lepton pair µνµ. We stress that this
does not hold for Γ3.
• We define the angle θ[µ] via
cos θ[µ] ≡ 2
(
q − 2q[µ]
) · k√
λ
. (3.6)
1
See the supplementary material to ref. [36], figure 9.
2
We also drop the subscript for the neutrino flavour where possible. Note that effects of neutrino mixing
and/or oscillation are not relevant to our study.
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We abbreviate the Ka¨lle´n function λ ≡ λ(M2B,M2P , q2) here and throughout the current
chapter. For Γ1, the above formula coincides with
cos θ[µ] = 2
(
q[νµ] − q[µ]
)
· k
√
λ
, (3.7)
and the physical meaning of θ[µ] is the helicity angle of the muon in the µνµ rest frame,
with −1 ≤ cos θµ ≤ +1. We stress that for Γ3 this physical interpretation is no longer valid.
Yet, we find it convenient to keep using cos θ[µ] for the description of the neutrino-inclusive
rate Γ(B → PµXν). We emphasize also that the phase space boundaries for cos θ[µ] in Γ3
differ from those in Γ1, and implicitly depend on the full kinematics of the 3ν decays.
For the description of Γ3, we need to define further kinematic variables, which will be integrated
over at a later point. We choose q2[τ ], the mass square of the τ lepton; q
2
[ντνµ]
≡ (q[ντ ] + q[νµ])
2,
the mass square of the two neutrinos produced in the τ decay; as well as five angles:
1. θ[τ ], the helicity angle of the τ in the τντ rest frame:
cos θ[τ ] =
(q − 2q[τ ]) · k
βτ
√
λ
+
(1− 2βτ )
βτ
(M2B −M2P − q2)
2
√
λ
, (3.8)
where 2βτ ≡ 1− q2[τ ]/q2,
2. φ, the azimuthal angle between the µ-ντνµ plane and the B-τντ plane,
ε(p, q, q[µ], q[ντνµ]) = −
1
2
βνν
√
1− 2βτβτq2
√
λ sinφ sin θ∗[µ] sin θ[τ ] , (3.9)
3. θ∗[µ], the polar angle of the µ momentum in the τ rest frame with respect to q[ντνµ] in the
τ rest frame:
cos θ∗[µ] =
1
2βννβτ
[
(1− 2βνν)(1− βτ ) +
(q[µ] − q[ντνµ]) · q
q2
]
, (3.10)
where 2βνν ≡ 1− q2[ντνµ]/q
2
[τ ],
4. θ∗∗[νµ], the polar angle of the νµ momentum in the ντνµ rest frame with respect to the µ
momentum in the ντνµ rest frame:
cos θ∗∗[νµ] =
(q[ντνµ] − 2q[νµ]) · q[µ]
βννq
2
[τ ]
. (3.11)
5. φ∗∗, the azimuthal angle between the τ -µ and νµ-ντ decay planes in the τ rest frame,
ε(q[τ ], q[ντ ], q[µ], q[ντνµ]) =
1
2
βννβτ
√
1− 2βννq2q2[τ ] sin θ∗[µ] sin θ∗∗[νµ] sinφ
∗∗ . (3.12)
In general, we denote the solid angle in the τντ rest frame without any asterisks, the solid angle
within the τ rest frame with one asterisk, and the solid angle in the νµντ rest frame with two
asterisks.
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With the above definitions of the kinematics in mind, we can now begin discussing phenomeno-
logical applications. We wish to first address the case, in which a 3ν event is misinterpreted as
a 1-neutrino event. In such a case, the misreconstructed cos θ[µ] reads
cos θ[µ]
∣∣∣
3ν
= 2βνν
{(
(1− 2βνν)
βνν
+ 2βτ
)
M2B −M2P − q2
2
√
λ
+ βτ cos θ[τ ]
−
(
2βτ
M2B −M2P − q2
2
√
λ
− (1− βτ ) cos θ[τ ]
)
cos θ∗[µ] −
√
1− 2βτ sin θ∗[µ] sin θ[τ ] cosφ
}
. (3.13)
As an alternative to cos θ[µ] we also consider Eµ, the muon energy in the B rest frame. It is
defined in terms of Lorentz invariants as
Eµ ≡
p · q[µ]
MB
. (3.14)
In the 1ν decay, Eµ is not independent from our nominal choice of kinematic variables q
2 and
cos θµ. The expression for Eµ reads
Eµ
∣∣∣
1ν
=
1
4MB
[
(M2B −M2P + q2)−
√
λ cos θµ
]
, (3.15)
and it attains its maximal value at q2 = 0 and cos θµ = −1. Its full range reads
mµ ≤ Eµ
∣∣∣
1ν
≤ M
2
B −M2P
2MB
. (3.16)
However, for a misreconstructed 3ν event we obtain instead
Eµ
∣∣∣
3ν
=
βνν
2MB
[
(M2B −M2P + q2)((1− βτ ) + βτ cos θ∗[µ])
−
√
λ(βτ + (1− βτ ) cos θ∗[µ]) cos θ[τ ] +
√
1− 2βτ
√
λ sin θ∗[µ] sin θ[τ ] cosφ
]
, (3.17)
which now exhibits an additional dependence on the kinematics variables cos θ∗[µ] and φ, as well
as q2[ντνµ]. We find for its range
mµ ≤ Eµ
∣∣∣
3ν
≤
M2B −M2P +m2τ +
√
λ(M2B,M
2
P ,m
2
τ )
4MB
. (3.18)
3.2.2 Decay Rate
In order to proceed, we require an analytic expression for the neutrino-inclusive differential
decay rate. The result for Γ1 is known for some time in the literature (see e.g. [61, 62] for
reviews in the presence of model-independent NP contributions). However, Γ3 has not been
calculated to the best of our knowledge. We begin the computation with the matrix element for
the B(p)→ P (k)τ(q[τ ])ν(q[ντ ]) transition:
iM = −iGFVcb√
2
[
f+(q
2)
{
(p+ k)µ − M
2
B −M2P
q2
qµ
}
+ f0(q
2)
M2B −M2P
q2
qµ
]
L(V−A)µ , (3.19)
with q ≡ p− k = q[τ ] + q[ντ ]. In the above, we abreviate the leptonic currents as
L(V−A)µ ≡
[
u(q[τ ])γµ(1− γ5)v(q[ντ ])
]
. (3.20)
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The contributions to Γ3 then arise from the leptonic decay of the τ . The corresponding matrix
elements can be readily obtained through the replacement where mτ and Γτ denote the mass
and the total width of the τ lepton, respectively.
The fully-differential rate for the 3-neutrino final state can then be expressed as:
d7Γ3
dq2 dq2[ντνµ] d
2Ω dΩ∗ d2Ω∗∗
= −
3G2F |Vcb|2
√
λ(q2 −m2τ )(m2τ − q2[ντνµ])B(τ → µνν)
217pi5m8τM
3
Bq
2
×
[
|f+|2
(
T1 −
M2B −M2D
q2
T2 +
(M2B −M2D)2
q4
T3
)
+ Re (f+ f0)
(
M2B −M2D
q2
T2 − 2
(M2B −M2D)2
q4
T3
)
+ |f0|2
(M2B −M2D)2
q4
T3
]
, (3.21)
with auxilliary quantities
T1 ≡ (p+ k)µ(p+ k)ν
∑
spins
L˜(V−A)µ L˜
∗,(V−A)
ν ,
T2 ≡ ((p+ k)µqν + (p+ k)νqµ)
∑
spins
L˜(V−A)µ L˜
∗,(V−A)
ν ,
T3 ≡ qµqν
∑
spins
L˜(V−A)µ L˜
∗,(V−A)
ν .
(3.22)
In the above we abbreviate d2Ω = dcos θ[τ ] dφ , dΩ
∗ = d cos θ∗[µ], and d
2Ω∗∗ = dcos θ∗∗[νµ] dφ
∗∗ ,
and we emphasize that the integration range over d cos θ goes from −1 to +1. The full ex-
pressions for T1,2,3 are quite cumbersome to typeset. They can be found as ancillary files
in [63]. We also find that the integration of eq. (3.21) over Ω∗∗, Ω∗, φ and q2[ντνµ] yields
B(τ → µνµντ ) × d2Γ(B → Pµν) /dq2 dcos θ[τ ] as required. This is a successful crosscheck
of our calculation.
In order to carry out our phenomenological study of the quantities cos θ[µ] in eq. (3.13) and Eµ
in eq. (3.17) in the decay chain B → Pτ(→ µνν)ν, we do not require any dependence on the
νν solid angle Ω∗∗ = (cos θ∗∗[νµ], φ
∗∗). We therefore integrate over the latter, and thus obtain the
five-differential rate
d5Γ3
dq2 dq2[ντνµ] d
2Ω dΩ∗
=
Γ˜3
pim8τq
6
[
A+B cos θ[τ ] + C cos
2 θ[τ ] +
(
D sin θ[τ ] + E sin θ[τ ] cos θ[τ ]
)
cosφ
]
,
(3.23)
with normalisation
Γ˜3 =
|Vcb|2G2FB(τ → µνν)
29pi3M3B
. (3.24)
The angular coefficients in eq. (3.23) read
A = [(q2 −m2τ )(m2τ − q2[ντνµ])]
2
√
λ
[
(m2τ + 2q
2
[ντνµ]
)(|f0|2(M2B −M2P )2m2τ + |f+|2q2λ)
− (m2τ − 2q2[ντνµ])(|f0|
2(M2B −M2P )2m2τ − |f+|2q2λ) cos θ∗[µ]
]
,
B = 2|f0||f+|m2τ (M2B −M2P )λ[(q2 −m2τ )(m2τ − q2[ντνµ])]
2
[
(m2τ + 2q
2
[ντνµ]
)− (m2τ − 2q2[ντνµ]) cos θ
∗
[µ]
]
,
C = −|f+|2λ3/2[(q2 −m2τ )(m2τ − q2[ντνµ])]
2
[
(q2 −m2τ )(m2τ + 2q2[ντνµ]) + (q
2 +m2τ )(m
2
τ − 2q2[ντνµ]) cos θ
∗
[µ]
]
,
D = 2mτ
√
q2|f0||f+|(M2B −M2P )[(q2 −m2τ )(m2τ − q2[ντνµ])]
2(m2τ − 2q2[ντνµ])λ sin θ
∗
[µ] ,
E = 2mτ
√
q2|f+|2[(q2 −m2τ )(m2τ − q2[ντνµ])]
2(m2τ − 2q2[ντνµ])λ
3/2 sin θ∗[µ] .
(3.25)
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We can now proceed to to produce the pseudo-events that are distributed as eq. (3.23), which
is a necessary prerequisite for our phenomenological applications in the following section.
3.3 Numerical results
Our numerical results are based on a Monte Carlo (MC) study of the decays B → Pµν and
B → Pτ(→ µνν)ν. For this purpose, we added the signal PDFs for both decays to the EOS
library of flavour observables [64]. The relevant form factors f+ and f0 are taken in the BCL
parametrization [65]. The BCL parameters are fitted from a recent lattice QCD studies [20,21],
and additionally Light-Cone Sum Rules results in the case of B → pi [66]; see appendix A.1 for
details.
In order to obtain pseudo events for the neutrino inclusive decay, we carry out the following
steps:
1. We draw 4.8 · 106 samples { ~X(1)i } = {(q2, cos θ[µ])i}, which are distributed as their signal
PDF P1,
P1(q
2, cos θ[µ]) ≡
1
Γ1
d2Γ1
dq2 d cos θ[µ]
. (3.26)
2. We draw 4.8 · 106 samples { ~X(3)i } = {(q2, q2[ντνµ], cos θ[τ ], φ, cos θ
∗
[µ])i}, which are distributed
as their signal PDF P3,
P3(q
2, q2[ντνµ], cos θ[τ ], φ, cos θ
∗
[µ]) ≡
1
Γ3
d5Γ3
dq2 dq2[ντνµ] d cos θ[τ ] dφ d cos θ
∗
[µ]
. (3.27)
3. We combine the two sets of samples with weights ω1 = Γ1/(Γ1 + Γ3) and ω3 = 1 − ω1,
respectively. The weights can be expressed in terms of RP and B(τ → µνν):
ω1 =
1
1 +RPB(τ → µνν)
. (3.28)
All samples are obtained from a Markov Chain Monte Carlo setup, which implements the
Metropolis-Hastings algorithm [67, 68]. The first 8 · 105 samples per set are discarded, in order
to minimize the impact from the Markov Chains’ starting values. In order to avoid correla-
tions from rejection of proposals, we only take every tenth sample. The effective sample size
is therefore 4 · 105. We provide the so-obtained pseudo events online [69] in the binary HDF5
format3.
3.3.1 B → DµXν
Distribution in cos θ[µ] In the neutrino inclusive decay, the misreconstructed observable
cos θ[µ] as given in eq. (3.13) is no longer bounded by +1. We find that it attains its maximal
value
max cos θ[µ]
∣∣
3ν
' 56.7 for q2 = (MB −MD)2, q2[ντνµ] = m
2
τ , cos θ[τ ] = − cos θ∗[µ] = 1 .
(3.29)
The distribution of cos θ[µ] in the neutrino-inclusive decay is shown in figure 3.1a, where we also
disentangle the individual 1ν and 3ν contributions. We find that cos θ[µ] exceeds 1 for ∼ 23%
of the 3ν events, and exceeds 2 for ∼ 1.3% of 3ν events. As a consequence, we decide against a
3
See https://www.hdfgroup.org/HDF5/ for its description.
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Figure 3.1: Histograms of 4 · 105 pseudo events for the neutrino inclusive decay B → DµXν
[figures (a) and (b)], as well as for the decay B → Dτ(→ µνν)ν [figure (c)]. We show histograms
of distributions in the (misreconstructed) angle cos θµ [figure (a)], and Eµ, the muon energy in
the B rest frame [figure (b)]. The red areas correspond to the neutrino-inclusive decay, while
the blue areas highlight the contributions stemming only from B → Dτ(→ µνν)ν. We also show
the histogram of Eµ
∣∣
3ν
and its compatibility with our ansatz eq. (3.34) [figure (c)].
parametrization of the neutrino-inclusive PDF P (cos θµ) in terms of Legendre polynomials (or
any other orthonormal polynomial basis).
On the other hand, our findings imply that the cos θ[µ] distribution can be used to extract the
product RDB(τ → µνν) from data. We can indeed write
RDB(τ → µνν) =
ρexpD
ρ0D − ρexpD
(3.30)
where
ρ0D ≡
#of 3ν events with cos θµ > 1
total # of 3ν events
, ρexpD ≡
#of Xν events with cos θµ > 1
total # of Xν events
(3.31)
Based on our MC pseudo events, we find
ρ0D = 0.234± 0.001 , (3.32)
where the error is dominantly statistical, and arises from our limited number of MC samples.
We explicitly cross check our uncertainty estimate by re-running the simulations with modified
inputs on the B → D form factors. We find that shifting any single individual constraint in
table A.1 by 1σ yields results that are compatible with the interval given in eq. (3.32).
The distribution in Eµ The distribution of Eµ in the neutrino-inclusive decay is shown in
figure 3.1b. We find that a lower cut Eµ > 1.0 GeV can reduce the rate of of misidentified 3ν
events by a factor of ∼ 4, while ∼ 76% of the 1ν events (the signal) remain. This corresponds to
a reduction of the rate of background events in the neutrino-inclusive decay from its maximum
value of RDB(τ → µνν) ≈ 5.2% down to 1.3%.
Alternatively, one can subtract the 3ν background from the neutrino-inclusive rate. For this
purpose we proceed to obtain the relevant PDF of 3ν events. Since the ranges of Eµ
∣∣∣
1ν
and
Eµ
∣∣∣
3ν
are very similar, we can remap their union to a new kinematic variable y,
y ≡ 2Eµ
Emaxµ
− 1 , with Emaxµ = max
(
Eµ
∣∣∣
1ν
, Eµ
∣∣∣
3ν
)
' 2.31 GeV , so that − 1 ≤ y ≤ +1 .
(3.33)
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Figure 3.2: Histograms of 4 · 105 pseudo events for the neutrino inclusive decay B → piµXν
[figures (a) and (b)], as well as for the decay B → piτ(→ µνν)ν [figure (c)]. We show histograms
of distributions in the (misreconstructed) angle cos θµ [figure (a)], and Eµ, the muon energy in
the B rest frame [figure (b)]. The red areas correspond to the neutrino-inclusive decay, while
the blue areas highlight the contributions stemming only from B → piτ(→ µνν)ν. We also show
the histogram of Eµ
∣∣
3ν
and its compatibility with our ansatz eq. (3.34) [figure (c)].
We then make an ansatz for the PDF P3(y) ≡ dΓ3 /dy by expanding in Legendre polynomials
pk(y):
P3(y) =
1
2
+
12∑
k=1
c
(3)
k pk(y) . (3.34)
Since the Legendre polynomials form an orthogonal basis of function on the support [−1,+1],
the coefficients c
(3)
k are independent of the degree of P3(y). Their mean values and covariance
are obtained using the method of moments; see [70] for a recent review. We find that our ansatz
eq. (3.34) describes the PDF exceptionally well, and refer to figure 3.1c for the visualization.
Our results for the mean values and covariance matrix of the moments are compiled in table A.3.
They can be used in upcoming experimental studies in order to cross check the signal/background
discrimination.
3.3.2 B → piµXν
Based on the B → pi form factors parameters as described in appendix A.1, we obtain
RSMpi = 0.70± 0.01 , (3.35)
which is in good visual agreement with the plot of Rpi in figure 8 of Ref. [71]. This result implies a
potentially larger impact of the 3ν decays as a background in the extraction of both Rpi and |Vub|.
Distribution in cos θ[µ] As in the case of B → DµXν , the misreconstructed observable
cos θ[µ] is no longer bounded from above by +1. However, we find that its maximal value is
much smaller for B → pi transitions than it is for B → D transitions:
max cos θ[µ]
∣∣
3ν
' 3.75 for q2 = (MB −Mpi)2, q2[ντνµ] = m
2
τ , cos θ[τ ] = − cos θ∗[µ] = 1 .
(3.36)
A consequence of this smaller upper bound in B → pi transitions, the tail of 3ν events is much
lighter; see figure 3.2a. This is also reflected in our numerical result for the ratio ρ0pi,
ρ0pi = (2.89± 0.03) · 10−2 . (3.37)
We can therefore not recommend to extract the ratio Rpi through a lower cut on cos θ[µ]. Our
result also shows that more than 97% of 3ν events fall in the physical region of 1ν events.
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Distribution in Eµ We find that a lower cut can reduce the rate of of misidentified 3ν events
by a factor of ∼ 10, while ∼ 69% of the 1ν events (the signal) remain. This corresponds to a
reduction of the rate of background events in the neutrino-inclusive decay from its maximum
value of RpiB(τ → µνν) ' 12.1% down to ∼ 1.2%.
For the range of Eµ we find
max
(
Eµ
∣∣∣
1ν
, Eµ
∣∣∣
3ν
)
' 2.64 GeV , (3.38)
and the energy ranges are overlapping given our numerical precision. Thus, the description of
the neutrino-inclusive rate though Eµ, or equivalently y, should work even better for B → pi
transitions than for B → D transitions. Our results for the mean values and covariance matrix
of the Legendre moments c
(3)
k are compiled in table A.4. We refer to figure 3.2c for a comparison
of P3(y) with our MC pseudo events.
3.3.3 Implications for the extraction of |Vcb| and |Vub|
Using the above results we can finally draw some semi-quantitative conclusions about the error in
the extraction |Vcb| and |Vub| from b→ c(u)`ν decays. The presence of the τ → µνν background
in those processes can be dealt with, experimentally, in different ways. The two extreme cases we
can envisage are the following: i) reduction of the background via explicit cuts; ii) fully inclusive
subtraction. The first method can be applied to exclusive decays such as those discussed in
the present chapter. As shown above, combining cuts in Eµ and cos θ[µ] leads to a significant
reduction of the τ → µνν contamination in B → DµXν , with negligible implications for the
extraction of |Vcb|. However, this procedure cannot be applied to fully inclusive modes. In the
latter case, the τ → µνν contamination is more likely to be simply subtracted from the total
number of events. If this subtraction is made assuming the SM expectation of RD (and RD∗), it
leads to systematic error if ∆RD 6= 0, i.e. in presence of New Physics [58]. The maximal value
of this error is
∆|Vcb|( incl.)
|Vcb|
=
1
2
∆RDB(τ → µνν) ≈ 0.9% , (3.39)
which is not far from the combined theory and experimental error presently quoted for |Vcb|
[60]. We thus conclude that the τ → µνν contamination must be carefully analyzed in the
determination of |Vcb|.
The impact of the τ → µνν contamination is more difficult to be estimated in the |Vub| case.
On the one hand, the large value of Rpi leads to a potentially larger impact. On the other
hand, even in inclusive analyses some cut on Eµ is unavoidable in order to reduce the b → c`ν
background: as shown above, this naturally leads to a significant reduction of the τ → µνν
contamination. Given the present large experimental errors, the τ → µνν contamination is
likely to be a subleading correction in the extraction of |Vub|, but it is certainly an effect that
has to be properly analyzed in view of future high-statistics data.
3.4 Summary
Lepton flavour Universality tests in charged-current semileptonic B decays provide a very inter-
esting window on possible physics beyond the SM. In this chapter we have analyzed how the
leptonic τ → µνν decays affect the determination of the LFU ratios RP , where P = D,pi. In
particular, we have presented a complete analytical determination of the observable distributions
(energy spectrum and helicity angle of the muon) of the B → Pτ(→ µνν)ν decay chain. This
result has allowed us to identify clean strategies both to extract RP from measurements of the
B → PµXν neutrino-inclusive rate, and also to minimize the impact of the τ → µνν decay in
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the three-body B → Pµν modes. Finally, this study has also allowed us to conclude that the
b→ cτ(→ `νν)ν background in b→ c`ν decays represents a non-negligible source of uncertainty
for the extraction of |Vcb| in presence of NP modifying RD: its impact could reach the ∼ 1%
level and has to be analyzed with care mode by mode.
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Chapter 4
Testing lepton flavour universality in
semileptonic Λb→ Λ∗c decays
4.1 Introduction
In this chapter we will concentrate on Lepton Flavour Universality (LFU) in b → cτν versus
b→ cµν decays, in particular for Λ0b decays. At the LHC, Λ0b baryons are copiously produced, at
approximately half the rate of B0 mesons [72,73]. The decay involving the ground state charmed
baryon, Λ0b → Λ+c `−νµ has been studied in lattice QCD in Ref. [74] and precise SM predictions
for the LFU ratio RΛc are provided. In addition, the LHCb collaboration has recently measured
the slope of the leading order Isgur-Wise (IW) function or the decay Λ0b → Λ+c µ−νµ [75]. While
studying backgrounds to this decay, large samples of Λc(2593)
+ and Λc(2625)
+ candidates were
reconstructed as background, which demonstrates the potential of precise LFU tests in these
decays. Therefore, we propose to investigate the LFU ratios
RΛ∗c ≡
B(Λb → Λ∗+c τ−ν)
B(Λb → Λ∗+c µ−ν)
(4.1)
where Λ∗+c denotes either the Λc(2595)
+ (with JP = 1/2−) or the Λc(2625)
+ (with JP = 3/2−)
charmed baryon.
The challenge in exploiting these modes for LFU tests is controlling uncertainties related to
hadronic matrix elements, which are genuinely non-perturbative objects. As a consequence of
both baryons forming a doublet under Heavy Quark Spin Symmetry (HQSS), the hadronic ma-
trix elements for the Λb → Λ∗c transitions can be expressed – in the infinite mass limit – through
a single IW function ζ [76] at leading power in 1/m. The power suppressed contributions at the
1/m level – where m = mb,mc – have been previously calculated in [77].
The purpose of this work is to provide for the first time all the necessary ingredients to carry
out a LFU study of these decays. In section 4.2, we first revisit the definition of the hadronic
form factors, and provide a helicity decomposition that is convenient for the description of the
decay observables. Subsequently, we provide formulae for these hadronic form factors in the
Heavy Quark Expansion (HQE) up to order αs and 1/m, beyond what has been done in the
literature so far. Continuing in section 8.3, we model the kinematic dependence of the leading
and subleading IW functions, and then provide a set of benchmark points based on inputs from
non-perturbative approaches. Afterwards, we calculate the differential decay width, including
the finite lepton-mass contributions that are necessary for testing LFU. The following section 4.4
shows the impact of using LHCb data for constraining the relevant form factor parameters, and
control the theory uncertainties for the prediction of the LFU ratios. We conclude in section 4.5.
4.2 Form factors for Λb → Λ∗c transitions
In the following we investigate form factors for the transitions
Λ0b(p, sb)→
{
Λc(2595)
+(k, Jz ≡ sc) with JP = 1/2−
Λc(2625)
+(k, Jz ≡ sc + λc) with JP = 3/2−
, (4.2)
where p and k denote the four momenta of the initial and final state respectively, and JP indi-
cates both angular momentum and parity eigenvalues of the Λ∗+c states. The states’ rest-frame
helicities are denoted as sb and Jz. Note that, for the J
P = 3/2− state, Jz can be decomposed
into the rest-frame helicity of a 1/2+ spinor (sc), and the polarisation of a polarisation vector
η ≡ η(λc). For later use we also define the momentum transfer to the leptons qµ ≡ pµ − kµ.
4.2.1 Helicity form factors
We define the hadronic matrix elements for vector and axialvector transitions to the Λc(2595)
+
state as:
〈Λc(2595)+(k, η(λc), sc)| cγµb |Λ0b(p, sb)〉 = +u(1/2)α (k, η(λc), sc)
[∑
i
fi(q
2)ΓαµV,i
]
u(p, sb) ,
〈Λc(2595)+(k, η(λc), sc)| cγµγ5b |Λ0b(p, sb)〉 = −u(1/2)α (k, η(λc), sc)
[∑
i
gi(q
2)γ5Γ
αµ
A,i
]
u(p, sb) ,
(4.3)
where u(1/2)α is the spin 1/2 projection of a Rarita-Schwinger object u
RS
α (k, η, s) ≡ ηα(k)u(k, s)
(see appendix B.1). For the hadronic matrix element of the vector and axialvector transitions
to the Λc(2625)
+ state we use:
〈Λc(2625)+(k, η(λc), sc)| cγµb |Λ0b(p, sb)〉 = +u(3/2)α (k, η(λc), sc)
[∑
i
Fi(q
2)ΓαµV,i
]
u(p, sb) ,
〈Λc(2625)+(k, η(λc), sc)| cγµγ5b |Λ0b(p, sb)〉 = −u(3/2)α (k, η(λc), sc)
[∑
i
Gi(q
2)γ5Γ
αµ
A,i
]
u(p, sb) ,
(4.4)
where u(3/2)α is the spin 3/2 projection of a Rarita-Schwinger object; see also appendix B.1. A
possible basis of Dirac structures for the vector current is given in [78]. We choose a different
basis for both vector and axialvector currents. We compile the list of all Dirac structures ΓαµV (A),i
in appendix B.2.
We define the helicity amplitudes for the two currents Γµ = γµ, γµγ5 as
AΓ(sb, sc, λc, λq) ≡ 〈Λ∗c(sc, η(λc))| c Γµε∗µ(λq)b |Λb(sb)〉 , (4.5)
where the ε∗µ(λq) are a basis of polarisation vectors for the virtual W exchange with the polari-
sation states λq ∈ {t, 0,+1,−1}; see appendix B.4. Due to the fact that the angular momentum
configurations λc and sc eq. (4.5) can be independently chosen, there are more possible combi-
nations of λc and sc than physically permitted. We identify the helicity amplitudes with total
angular moment J = 1/2 as
A(1/2)Γ (+1/2,+1/2, 0) ≡ −
√
1
3
AΓ(+1/2,+1/2, 0, 0) +
√
2
3
AΓ(+1/2,−1/2,+1, 0) ,
A(1/2)Γ (+1/2,+1/2, t) ≡ −
√
1
3
AΓ(+1/2,+1/2, 0, t) +
√
2
3
AΓ(+1/2,−1/2,+1, t) ,
A(1/2)Γ (+1/2,−1/2,−1) ≡
√
1
3
AΓ(+1/2,−1/2, 0,−1)−
√
2
3
AΓ(+1/2,+1/2,−1,−1) .
(4.6)
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The complementary set of J = 3/2 amplitudes reads
A(3/2)Γ (+1/2,+3/2,+1) ≡ AΓ(+1/2,+1/2,+1,+1) ,
A(3/2)Γ (+1/2,+1/2, 0) ≡
√
2
3
AΓ(+1/2,+1/2, 0, 0) +
√
1
3
A(3/2)Γ (+1/2,−1/2,+1, 0) ,
A(3/2)Γ (+1/2,+1/2, t) ≡
√
2
3
AΓ(+1/2,+1/2, 0, t) +
√
1
3
A(3/2)Γ (+1/2,−1/2,+1, t) ,
A(3/2)Γ (+1/2,−1/2,−1) ≡
√
2
3
AΓ(+1/2,−1/2, 0,−1) +
√
1
3
A(3/2)Γ (+1/2,+1/2,−1,−1) .
(4.7)
For transitions to J = 1/2 the set of amplitudes in eq. (4.7) is required to vanish identically, and
similarly for transitions to J = 3/2 the set in eq. (4.6) needs to be zero. We explicitly verify
this to be the case for the structures listed in appendix B.2.
Our Dirac structures ΓαµV (A),i have been chosen such that the form factors F1/2,λq and G1/2,λq ,
λq ∈ {t, 0,⊥}, correspond to transitions into Λc(2593)+ states with |Jz| = 1/2, while the
Λc(2625)
+ states with |Jz| = 3/2 are only produced via the form factors F3/2,⊥ and G3/2,⊥.
Note that all helicity amplitudes depend only on one single form factor; see eqs. (B.49) – (B.51),
eqs. (B.52) – (B.54), eqs. (B.91) – (B.94), and eqs. (B.95) – (B.98). We have therefore achieved
a decomposition of the (axial)vector hadronic matrix elements in terms of helicity form factors
as inspired by [79]. We note that our definitions of the form factors differ from the one adopted
in [77], where the decomposition of the vector and axial vector hadronic matrix elements do not
yield form factors for transitions with well-defined angular momentum of the final states. In
particular in the conventions of [77] the time-like polarisation, which is relevant for the LFU
ratio RΛ∗c , depends on linear combinations of multiple form factors instead of one form factor
per current.
4.2.2 Heavy-quark expansion
In Ref. [77], the usual basis of form factors has been studied in the HQE up to 1/m contributions.
We cross-check their results, and adapt them to our choice of a helicity basis for the form factors.
In particular, we study the hadronic matrix elements in and beyond the heavy quark limit
mb → ∞, mc → ∞ with mc/mb = const. Following [76], we use that the transition matrix
elements can be written at leading power in the expansion as
〈Λ∗c(k, η, sc)| c Γµb |Λ0b(p, sb)〉 =
√
4uα(mΛ∗cv
′, η, sc)Γ
µu(mΛbv, sb)ζ
α(w) , (4.8)
where w ≡ v · v′ = (m2Λb+m
2
Λ
∗
c
−q2)/(2mΛbmΛ∗c ), v and v
′ are the four-velocities of the initial and
final states, respectively, and Γ denotes a Dirac structure. Here the most general decomposition
of the light-state transition amplitude ζ reads
ζα(w) = ζ(w)(v − v′)α . (4.9)
As a consequence, at leading power all form factors can be expressed in terms of the single
amplitude ζ(w), which must vanish at the zero hadronic recoil w = 1, which corresponds to
q2 = (mΛb − mΛ∗c )
2. In order to include also 1/m and αs corrections, we use for the vector
current (and similarly for the axialvector current)
γµ 7→ JµV = C1(w)γµ + C2(w)vµ + C3(w)v′µ + ∆JµV
∣∣
O1 + ∆J
µ
V
∣∣
O8 +O(αs/m, 1/m
2) , (4.10)
with perturbative coefficients Ci and power corrections ∆J
µ
V .
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The perturbative functions Ci are the Wilson coefficients arising in the matching of HQET onto
QCD. Their argument w is the recoil parameter as experienced by the heavy quarks within the
hadrons. Note that for a decay to orbitally excited hadrons w is not the same as defined for
transitions among ground-state baryons. Instead, we use
w ≡ w
(
1 +
Λ
mb
+
Λ
′
mc
)
−
(
Λ
mc
+
Λ
′
mb
)
, (4.11)
where Λ and Λ
′
are the usual HQET parameters in the infinite mass limit. The above yields the
product of heavy-quark velocities as defined in [80] in the limit Λ
′ → Λ. We use the matching
coefficients Ci to order αs, which are given in eq. (3.111) of [80]. At the precision that we aim
for, we do not require the renormalization-group improved matching coefficients, which can be
extracted from [80], eq. (3.121).
In ?? we use only power corrections ∆JµV
∣∣
O1 and ∆J
µ
V
∣∣
O8 , arising from the local operators O1
and O8 as defined in [80], respectively. The remaining local operators only contribute at the
order αs/m and are therefore beyond the precision we aim for. The hadronic matrix elements
of O1 and O8 can be parametrised as:
〈Λ∗c(k, η, sc)|∆JV µ
∣∣
O1(8) |Λ
0
b(p, sb)〉 =
√
4uα(mΛ∗cv
′, η, sc)
[O1(8)]µβu(mΛbv, sb)ζαβb(c)(w) , (4.12)
where
ζαβ(q)(w) = (v − v′)α
[
ζ
(q)
1 (w)v
β + ζ
(q)
2 (w)v
′β]+ gαβζ(q)3 (w) . (4.13)
and [O1]µβ = γµγβ, [O8]µβ = γβγµ.
After some algebra, we obtain the following for the contributions from ∆JV µ
∣∣
O1 and ∆JV µ
∣∣
O8 :
〈Λ∗c(k, η, sc)|∆JV µ
∣∣
O1 |Λ
0
b(p, sb)〉 =
1
2mb
[
2uα(mΛ∗cv
′, η, sc)γµu(mΛbv, sb)v
α
(
ζ
(b)
1 (w)− ζ(b)2 (w)
)
+4uα(mΛ∗cv
′, η, sc)u(mΛbv, sb)v
αv′µζ(b)2 (w)
+2uα(mΛ∗cv
′, η, sc)γµγαu(mΛbv, sb)ζ
(b)
3 (w)
]
,
〈Λ∗c(k, η, sc)|∆JV µ
∣∣
O8 |Λ
0
b(p, sb)〉 =
1
2mc
[
2uα(mΛ∗cv
′, η, sc)γµu(mΛbv, sb)v
α
(
ζ
(c)
2 (w)− ζ(c)1 (w)
)
+4uα(mΛ∗cv
′, η, sc)u(mΛbv, sb)v
αvµζ
(c)
1 (w)
+2uα(mΛ∗cv
′, η, sc)γ
αγµu(mΛbv, sb)ζ
(c)
3 (w)
]
.
(4.14)
We can follow the very same steps also with the axial vector current. In this case we have:
γµγ5 7→ JµA = C(5)1 (w)γµγ5+C(5)2 (w)vµγ5+C(5)3 (w)v′µγ5+∆JµA
∣∣
OA1 +∆J
µ
A
∣∣
OA8 +O(αs/m, 1/m
2) ,
(4.15)
where the subleading contributions ∆JµA
∣∣
OA1 and ∆J
µ
A
∣∣
OA8 can by computed from
〈Λ∗c(k, η, sc)|∆JAµ
∣∣
OA1(8) |Λ
0
b(p, sb)〉 =
√
4uα(mΛ∗cv
′, η, sc)[OA1(8)]µβu(mΛbv, sb)ζ
αβ
b(c)(w) , (4.16)
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and [OA1 ]µβ = γµγ5γβ, [OA8 ]µβ = γβγµγ5. From this we obtain:
〈Λ∗c(k, η, sc)|∆JAµ
∣∣
OA1 |Λ
0
b(p, sb)〉 =
1
2mb
[
2uα(mΛ∗cv
′, η, sc)γµu(mΛbv, sb)v
α
(
ζ
(b)
1 (w) + ζ
(b)
2 (w)
)
−4uα(mΛ∗cv
′, η, sc)u(mΛbv, sb)v
αv′µζ(b)2 (w)
+2uα(mΛ∗cv
′, η, sc)γ
µγ5γαu(mΛbv, sb)ζ
(b)
3 (w)
]
,
〈Λ∗c(k, η, sc)|∆JAµ
∣∣
OA8 |Λ
0
b(p, sb)〉 =
1
2mc
[
2uα(mΛ∗cv
′, η, sc)γµu(mΛbv, sb)v
α
(
ζ
(c)
1 (w) + ζ
(c)
2 (w)
)
+4uα(mΛ∗cv
′, η, sc)u(mΛbv, sb)v
αvµζ
(c)
1 (w)
]
,
+2uα(mΛ∗cv
′, η, sc)γ
αγµγ5u(mΛbv, sb)ζ
(b)
3 (w)
]
.
(4.17)
The subleading IW functions are related by the equations of motion. In particular we have that
vβζ
αβ
(b) = 0, and v
′
βζ
αβ
(c) = 0. This leads to the following relations:
ζ
(b)
1 (w) + wζ
(b)
2 (w) + ζ
(b)
3 (w) = 0 , (4.18)
wζ
(c)
1 (w) + ζ
(c)
2 (w) = 0 . (4.19)
Furthermore we know that i∂α[hc(v
′)Γhb(v)] = hc(v
′)i ~DαΓhb(v) + hc(v
′)ΓiDαhb(v), where we
denote hb(c) as the usual HQET fields. This identity allows us to write the following relations:
ζ
(b)
1 (w) + ζ
(c)
1 (w) = Λζ(w) , (4.20)
ζ
(b)
2 (w) + ζ
(c)
2 (w) = −Λ
′
ζ(w) , (4.21)
ζ
(b)
3 (w) + ζ
(c)
3 (w) = 0 . (4.22)
With these 5 relations we can reduce the initial 6 subleading IW functions to one independent
subleading IW function. We find it convenient to use ζ
(b)
3 :
ζ
(b)
1 = −
ζ
(b)
3
1− w2 +
wζ
1− w2
(
Λ
′ − Λw
)
, ζ
(b)
2 = +
wζ
(b)
3
1− w2 −
ζ
1− w2
(
Λ
′ − Λw
)
,
ζ
(c)
1 = +
ζ
(b)
3
1− w2 −
ζ
1− w2
(
wΛ
′ − Λ
)
, ζ
(c)
2 = −
wζ
(b)
3
1− w2 +
wζ
1− w2
(
wΛ
′ − Λ
)
.
(4.23)
From this point on we identify ζSL ≡ ζ(b)3 = −ζ(c)3 .
Beside the effects on local operators, we also need to consider effects from non-local insertions of
the HQET Lagrangian at power 1/m. Following the discussion in [77,80], non-local insertions of
the kinetic operator give rise to an w-dependent shift ηkin(w) to the leading-power IW function
ζ(w). We can absorb this shift into the definition of ζ:
ζ(w) +
1
2mbmc
[mb +mc] ηkin(w) 7→ ζ(w) . (4.24)
The w-dependent shift due to the chromomagnetic operator is more delicate. The two contribu-
tions are:
η(c)mag(w) :
[
gµαvν
]
uαJ (mΛ∗cv
′, η, sc) iσ
µν 1 + /v
′
2
Γu(mΛbv, sb) (4.25)
η(b)mag(w) :
[
gµαv
′
ν
]
uαJ (mΛ∗cv
′, η, sc) Γ
1 + /v
2
iσµνu(mΛbv, sb) . (4.26)
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In [77], it is argued that the two functions η(q)mag(w) must vanish at zero recoil, and are expected
to be small compared to the size of ΛQCD. We follow this argument, and therefore choose to
not consider contributions from either η(q)mag(w) from this point on.
If we want now to express the form factors in terms of the leading and subleading IW functions we
need to match the HQE expansion of the helicity amplitudes onto the direct calculation presented
in Sec. 4.2.1. Concerning the Λc(2595)
+ final state, the comparison between eqs. (B.55)–(B.57)
and eqs. (B.49)–(B.51) leads to
f1/2,0 =
√
s+
2(mΛbmΛ∗c )
3/2
{[
s−
(
C1(w) +
s+(C2(w)mΛ∗c + C3(w)mΛb)
2mΛbmΛ∗c (mΛb +mΛ
∗
c
)
)
+
(mΛb −mΛ∗c )
mΛb +mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
Λ−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
)]
ζ − 2(mΛb −mΛ∗c )ζSL
}
,
(4.27)
f1/2,t =
√
s−
2(mΛbmΛ∗c )
3/2
{[
C1(w)s+ +
(mΛb +mΛ∗c )
mΛb −mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
(
Λ +
C2(w)s+
mΛb +mΛ∗c
)
−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
(
Λ
′ − C3(w)s+
mΛb +mΛ∗c
))]
ζ − 2(mΛb +mΛ
∗
c
)2
mΛb −mΛ∗c
ζSL
}
, (4.28)
f1/2,⊥ =
√
s+
2(mΛbmΛ∗c )
3/2
{[
C1(w)s− +
3m2Λb +m
2
Λ
∗
c
− q2
2mΛb
Λ−
m2Λb + 3m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
]
ζ − 2mΛbζSL
}
,
(4.29)
for the vector form factors, while for the axial-vector form factors the matching of eqs. (B.58)–
(B.60) onto eqs. (B.52)–(B.54) gives
g1/2,0 =
√
s−
2(mΛbmΛ∗c )
3/2
{[
s+
(
C1(w)−
s−(C2(w)mΛ∗c + C3(w)mΛb)
2mΛbmΛ∗c (mΛb −mΛ∗c )
)
+
mΛb +mΛ∗c
mΛb −mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
Λ−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
)]
ζ − 2(mΛb +mΛ∗c )ζSL
}
,
(4.30)
g1/2,t =
√
s+
2(mΛbmΛ∗c )
3/2
{[
C1(w)s− +
(mΛb −mΛ∗c )
mΛb +mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
(
Λ− C2(w)s−
mΛb −mΛ∗c
)
−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
(
Λ
′
+
C3(w)s−
mΛb −mΛ∗c
))]
ζ − 2(mΛb −mΛ
∗
c
)2
mΛb +mΛ∗c
ζSL
}
, (4.31)
g1/2,⊥ =
√
s−
2(mΛbmΛ∗c )
3/2
{[
C1(w)s+ + Λ
3m2Λb +m
2
Λ
∗
c
− q2
2mΛb
− Λ′
m2Λb + 3m
2
Λ
∗
c
− q2
2mΛ∗c
]
ζ − 2mΛbζSL
}
.
(4.32)
Here and in the following we denote s± ≡ (mΛb ±mΛ∗c )
2 − q2. Concerning the Λc(2625)+ final
state, the vector form factors are obtained by matching eqs. (B.99)–(B.102) with eqs. (B.91)–
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(B.94)
F1/2,⊥ =
√
s+
2(mΛbmΛ∗c )
3/2
{[
C1(w)s− +
3m2Λb +m
2
Λ
∗
c
− q2
2mΛb
Λ−
m2Λb + 3m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
]
ζ +mΛbζSL
}
,
(4.33)
F1/2,t =
√
s−
2(mΛbmΛ∗c )
3/2
{[
C1(w)s+ +
mΛb +mΛ∗c
mΛb −mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
(
Λ +
C2(w)s+
mΛb +mΛ∗c
)
−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
(
Λ
′ − C3(w)s+
mΛb +mΛ∗c
))]
ζ +
(mΛb +mΛ∗c )
2
mΛb −mΛ∗c
ζSL
}
, (4.34)
F1/2,0 =
√
s+
2(mΛbmΛ∗c )
3/2
{[
s−
(
C1(w) +
s+(C2(w)mΛ∗c + C3(w)mΛb)
2mΛbmΛ∗c (mΛb +mΛ
∗
c
)
)
+
mΛb −mΛ∗c
mΛb +mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
Λ−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
)]
ζ + (mΛb −mΛ∗c )ζSL
}
,
(4.35)
F3/2,⊥ =−
√
s+
2m
3/2
Λb
m
1/2
Λ
∗
c
ζSL , (4.36)
while for the axial-vector form factor the comparison of eqs. (B.103)–(B.106) and eqs. (B.95)–
(B.98) yields
G1/2,⊥ =
√
s−
2(mΛbmΛ∗c )
3/2
{[
C1(w)s+ +
3m2Λb +m
2
Λ
∗
c
− q2
2mΛb
Λ−
m2Λb + 3m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
]
ζ +mΛbζSL
}
,
(4.37)
G1/2,t =
√
s+
2(mΛbmΛ∗c )
3/2
{[
C1(w)s− +
mΛb −mΛ∗c
mΛb +mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
(
Λ− C2(w)s−
mΛb −mΛ∗c
)
−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
(
Λ
′
+
C3(w)s−
mΛb −mΛ∗c
))]
ζ +
(mΛb −mΛ∗c )
2
mΛb +mΛ∗c
ζSL
}
, (4.38)
G1/2,0 =
√
s−
2(mΛbmΛ∗c )
3/2
{[
s+
(
C1(w)−
s−(C2(w)mΛ∗c + C3(w)mΛb)
2mΛbmΛ∗c (mΛb −mΛ∗c )
)
+
mΛb +mΛ∗c
mΛb −mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
Λ−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
)]
ζ + (mΛb +mΛ∗c )ζSL
}
,
(4.39)
G3/2,⊥ =−
√
s−
2m
3/2
Λb
m
1/2
Λ
∗
c
ζSL . (4.40)
Thus, at leading power in 1/m only the (J, Jz) = (3/2,±1/2) form factors receive contributions
from the leading-power IW function. As a consequence, the sum rule at zero recoil (w = 1 or
s− = 0) as discussed later will be less sensitive to the contributions from the J = 3/2 amplitudes.
We note in passing that our results for the HQE of the form factors fulfil the relations
f1/2,t(0)
f1/2,0(0)
≡ mΛb +mΛ
∗
c
mΛb −mΛ∗c
,
g1/2,t(0)
g1/2,0(0)
≡ mΛb −mΛ
∗
c
mΛb +mΛ∗c
,
F1/2,t(0)
F1/2,0(0)
≡ mΛb +mΛ
∗
c
mΛb −mΛ∗c
,
G1/2,t(0)
G1/2,0(0)
≡ mΛb −mΛ
∗
c
mΛb +mΛ∗c
,
(4.41)
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as required by analyticity; i.e., any spurious poles of the hadronic matrix elements in the limit
q2 → 0 do not correspond to any physical states with quantum numbers B = −C = 1, and
therefore must be cancelled due to the above relations.
4.3 Phenomenology
4.3.1 Parametrisation of the Isgur-Wise functions
Determining the parameters of the leading and subleading IW functions is a crucial point to
determine the form factors. Unfortunately, there are no first principles in HQET which allow us
to estimate the q2 dependence of the IW functions. In light of this, we need to infer a functional
form for ζ(q2) and ζSL(q
2) through some other means. For the ground-state transition Λb → Λc
and in the large Nc limit, it has been motivated in [81] to express the IW functions as exponential
functions. Inspired by this, one of the models we consider here for the parametrisation of the
leading and subleading IW function ζ(q2) and ζSL(q
2) is
ζ(q2)
∣∣∣∣
exp
≡ ζ(q2max) exp
[
ρ
(
q2
q2max
− 1
)]
,
ζSL(q
2)
∣∣∣∣
exp
≡ ζ(q2max)δSL exp
[
ρSL
δSL
(
q2
q2max
− 1
)]
.
(4.42)
where the normalisation ζ(q2max), the relative normalisation δSL and the two shape parameters
ρ and ρSL are to be determined.
We can also use a Taylor expansion of ζ(q2) and ζSL(q
2) around q2 ' q2max. For our purposes
we use an expansion up to the first order in q2:
ζ(q2)
∣∣∣∣
lin
≡ ζ(q2max)
[
1 + ρ
(
q2
q2max
− 1
)]
,
ζSL(q
2)
∣∣∣∣
lin
≡ ζ(q2max)
[
δSL + ρSL
(
q2
q2max
− 1
)]
.
(4.43)
In the following we will refer to eq. (4.43) as the nominal parametrisation.
Both parametrisations have been chosen such that they share their complete parameter set,
and such that both the leading and the subleading IW functions have a common normalisation
ζ(q2max).
4.3.2 Benchmarking the form factors’ parameters from Zero Recoil Sum
Rules
The kinematic point of zero hadronic recoil is a special for bottom-to-charm transitions. In this
point the hadronic form factors for Λb → Xc transitions, where Xc denotes a singly-charmed
baryonic state, are minimally sensitive to the dynamics of the light degrees of freedom within
the respective hadrons; see e.g. [82]. As a consequence, the inclusive spectral density for the
forward matrix elements of two bi-local insertions of the weak current can be expressed in terms
of Λb → Xc form factors. Inference of weighted sum of squares for the form factor normalisations
follows in what is known as a Zero Recoil Sum Rule (ZRSR) [83,84]. This is only possible since
the spectral density consists of a sum of positive-definite exclusive terms.
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The ZRSR is well established for B → D and B → D∗ transitions, with OPE contributions
known up to order α2s [85]. After the first lattice QCD results for the Λb → Λc form factors
appeared [74], they were scrutinised in the ZRSR framework [86]. The conclusion of the latter
analysis is as follows. Given our present knowledge of the Λb forward matrix elements, and given
the lack of mixed αs/m results for the ZRSR, the lattice results for Λb → Λc transition lead
to a negative contribution from non-ground state transitions. As mentioned above, negative
contributions to the spectral density are not possible by construction. Hence, either the inclu-
sive calculation of the spectral density yields too small a value, or the lattice results are too large.
For the discussion at hand, we will assume that the inclusive calculation underestimates the
magnitude of the spectral density. Specifically, we assume that 1/m4 and 1/m5 terms in the
Heavy-Quark-Expansion, which have not been taken into account due to lack of information
on the relevant hadronic matrix elements, will increase the magnitude. A priori it is not in-
tuitive that terms at order 1/m4 or beyond can make a qualitative difference to the ZRSR.
However, there is precedent for numerically relevant shifts in the case of B → D∗ [87]. In the
latter study, it was observed that – based on rather precise knowledge of the HQE parameters for
B mesons – the sum of 1/m4 and 1/m5 terms yields roughly a third of the 1/m2 and 1/m3 terms.
In the absence of further information on the Λb forward matrix elements, we will therefore pro-
ceed as follows. We will rescale the estimate of the 1/m2 and 1/m3 terms by a factor of 1.33,
thereby copying the situation in B → D∗ decays1. The corresponding shift can now accommo-
date fully the lattice results for the Λb → Λc form factors, as well as form factors for Λb decays
to excited charm baryons. The setup of the ZRSR involves an upper bound on the excitation en-
ergies ε ≡MXc−MΛc of the contributing charm baryons. For the analysis at hand, ε ≤ 0.7 GeV.
Based on the known spectrum of charmed baryons [8, Ch. 109 Charmed Baryons], the ZRSR
covers – beside the ground state – form factors for Λb decays into Σc(2455), Σc(2520), Λc(2595),
Λc(2625), and Σc(2800)
2. The Σc states form an isospin triplet and therefore carry isospin I = 1.
Consequently, the transitions Λb → Σc violate isospin conservation, and we will assume them to
be further suppressed with respect to the Λb → Λ∗c transitions. This supposition is corroborated
by the non-observation of Λb → Σc`ν decays in the recent LHCb study [75]. Under the above
assumptions, the inelastic parts of the ZRSR can be recast as matrix elements involving only
Λb → Λ∗c transitions.
Following the definitions and analysis of Ref. [86], applying the assumptions above we arrive at
the following constraints at zero recoil:
Finel = 0.011
+0.061
−0.055 ≈ Finel,1/2 + Finel,3/2 ,
Ginel = 0.040
+0.049
−0.052 ≈ Ginel,1/2 +Ginel,3/2 .
(4.44)
The individual contributions from the orbitally-excited Λ∗c states for the vector current read:
Finel,1/2 ≡
1
NV
∑
Λ
∗
c spin
〈Λ0b(v, sb)| bγµc |Λc(2595)+(v)〉 〈Λc(2595)+(v)| cγµb |Λ0b(v, sb)〉 (4.45)
1
We stress that this rescaling, and the corresponding shift to the inclusive upper bound on the form factor
normalisations, is based on a supposition rather than data, and will only be used for the purpose of benchmarking
the experimental sensitivity. Ultimately, only improved knowledge of the hadronic matrix elements will settle the
discrepancy between the ZRSR and lattice results.
2
We do not consider here the states of roughly 2.8 GeV to 2.9 GeV for which there exists no definite assignment
as either a Λc, or a Σc state, or as a kinematical artifact in the Λcpipi spectrum. A recent LHCb analysis of
Λb → Λc`ν [75] suggests that the yield of Λcpipi background stemming from this kinematic region corresponds
to roughly 10% of the first orbitally excited Λ
∗
c states. Given the overall accuracy of our analysis, this further
supports our decision not to consider these states.
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=
1
3
[
|ft,1/2|2 + |f0,1/2|2
(mΛb +mΛc)
2
(mΛb −mΛc)
2 + 2|f⊥,1/2|2
]
zero recoil
, (4.46)
and
Finel,3/2 ≡
1
NV
∑
Λ
∗
c spin
〈Λ0b(v, sb)| bγµc |Λc(2625)+(v)〉 〈Λc(2625)+(v)| cγµb |Λ0b(v, sb)〉 (4.47)
=
2
3
[
|Ft,1/2|2 + |F0,1/2|2
(mΛb +mΛc)
2
(mΛb −mΛc)
2 + 2|F⊥,1/2|2 + 6|F⊥,3/2|2
]
, (4.48)
where NV = 1. For the axialvector current, including the normalisation factor NA = 3, the
individual contributions read:
Ginel,1/2 ≡
1
NA
∑
Λ
∗
c spin
〈Λ0b(v, sb)| bγµγ5c |Λc(2595)+(v)〉 〈Λc(2595)+(v)| cγµγ5b |Λ0b(v, sb)〉 (4.49)
=
1
9
[
|g0,1/2|2 + |gt,1/2|2
(mΛb +mΛc)
2
(mΛb −mΛc)
2 + 2|g⊥,1/2|2
]
zero recoil
, (4.50)
and
Ginel,1/2 ≡
1
NV
∑
Λ
∗
c spin
〈Λ0b(v, sb)| bγµγ5c |Λc(2625)+(v)〉 〈Λc(2625)+(v)| cγµγ5b |Λ0b(p, sb)〉 (4.51)
=
2
9
[
|G0,1/2|2 + |Gt,1/2|2
(mΛb +mΛc)
2
(mΛb −mΛc)
2 + 2|G⊥,1/2|2 + 6|G⊥,3/2|2
]
zero recoil
. (4.52)
In the zero-recoil point, both parametrisation eq. (4.42) and eq. (4.43) yield the same expres-
sions, involving only the parameters ζ(q2max) and δSL.
Using two uncorrelated gaussian distributions for Finel and Ginel and using symmetrised 68%
intervals based on eq. (4.44) we obtain correlated distributions for ζ(q2max) and δSL. The ζ(q
2
max)
distribution is highly non-gaussian, and due to the large set of assumptions on which our results
are founded, both distributions are not instructive for physics analyses. However, they can be
used to define a benchmark point for further phenomenological analyses, in particular for the
sensitivity study later on in this chapter. For later applications, we define the normalisation
parameters of our benchmark point to be compatible with these distributions:
ζ(q2max) = 0.25 , δSL = −0.14 , (4.53)
corresponding to a subleading contribution of 14% of the leading-power IW function. This is
fully in line with naive power-counting expectations for the subleading-power IW function.
Since the ZRSR cannot provide us with any information on the slopes of either IW function,
we have to draw inspiration from elsewhere. Given the lower bound on the slope of the leading-
power IW function for B → D(∗) transitions, we assume ρ, ρSL & 0.25. On the other hand, in
order to avoid unphysical zero crossings of the IW functions in the semileptonic region in the
nominal parametrisation, we need to impose ρ, ρSL . 0.75. We choose to use the boundaries to
define the slope parameters of our benchmark points as:
ρ = 0.25 ρSL = 0.25 , (4.54)
ρ = 0.25 ρSL = 0.75 , (4.55)
ρ = 0.75 ρSL = 0.75 , (4.56)
ρ = 0.75 ρSL = 0.25 . (4.57)
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We emphasise again that these values are not viable for any physics analysis, and are merely
used when studying the sensitivity to the IW function parameters for upcoming LHCb analyses.
4.3.3 Observables
The fully differential decay rate of an unpolarised Λb to a Λ
∗
c with total angular momentum J
can be written as
1
Γ
(`)
0
d2Γ
(`)
J
dq2 d cos θ`
=
(
a
(J)
` + b
(J)
` cos θ` + c
(J)
` cos
2 θ`
)
,
1
Γ
(`)
0
dΓ
(`)
J
dq2
= 2
(
a
(J)
` +
1
3
c
(J)
`
)
, (4.58)
with coefficient functions a
(J)
` (q
2), b
(J)
` (q
2), c
(J)
` (q
2) for the specific final-state lepton flavour
` ∈ {e, µ, τ}. The momentum transfer q2 is defined as the invariant mass of the leptons in the
final state, and θ` is the helicity angle of the charged lepton with the `-ν` momentum in the Λb
rest frame. Our choice of normalisation reads
Γ
(`)
0 (q
2) =
G2FV
2
cb
√
s+s−mΛ∗c
96pi3m2Λb
(
1− m
2
`
q2
)2
, (4.59)
which should not be confused with the total decay width
Γ
(`)
J = 2
∫ (mΛb−mΛc )2
m
2
`
dq2 Γ
(`)
0 (q
2)
(
a
(J)
` (q
2) +
1
3
c
(J)
` (q
2)
)
. (4.60)
From the double-differential rate, we can construct two angular observables in addition to the
q2-differential decay rate: first, the forward-backward asymmetry
AFB(q
2) ≡ 1
dΓ
(`)
J /dq
2
∫ +1
−1
dcos θ`
[
ωAFB(cos θ`)
d2Γ
(`)
J
dq2 d cos θ`
]
=
1
dΓ
(`)
J /dq
2
Γ
(`)
0 (q
2)b
(J)
` (q
2) ,
(4.61)
which arises from the term linear in cos θ`. And secondly, the flat term
d
FH(q
2) ≡ 1
dΓ
(`)
J /dq
2
∫ +1
−1
dcos θ`
[
ωFH(cos θ`)
d2Γ
(`)
J
dq2, d cos θ`
]
=
1
dΓ
(`)
J /dq
2
2Γ
(`)
0 (q
2)
[
a
(J)
` (q
2) + c
(J)
` (q
2)
]
,
(4.62)
which arises from a linear combination of the coefficients a
(J)
` and c
(J)
` that differs from the one
comprising the decay rate eq. (4.60). The weight functions for both observables read:
ωAFB(cos θ`) =
3
2
P1(cos θ`) , ωFH(cos θ`) = 5P2(cos θ`) + P0(cos θ`) . (4.63)
In the above, Pn denotes the nth Legendre polynomial.
Note that the definition of the flat term FH in eq. (4.62) is similar to the one proposed for e.g.
the decay B → K`+`−; see Ref. [88]. However, contrary to what happens in the mesonic decays
in the limit m` → 0, the baryonic FH does not vanish in the SM. This is due to the fact that
the Λb → Λ∗c transitions are also mediated by perpendicular polarisation states of the virtual
W , which is impossible in the mesonic transitions.
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For the decay to the J = 1/2 final state the coefficients are
2a
(1/2)
` =
[
|f1/2,t|2
m2`
q2
(mΛb −mΛ∗c )
2 +
(
|f1/2,0|2(mΛb +mΛ∗c )
2 + |f1/2,⊥|2(m2` + q2)
)
+ |g1/2,t|2
m2`
q2
(mΛb +mΛ∗c )
2 +
(
|g1/2,0|2(mΛb −mΛ∗c )
2 + |g1/2,⊥|2(m2` + q2)
)]
, (4.64)
2b
(1/2)
` = 2
[
(f1/2,tf1/2,0) + (g1/2,tg1/2,0)
] m2`
q2
(m2Λb −m
2
Λ
∗
c
)− 4 q2 (f1/2,⊥g1/2,⊥) , (4.65)
2c
(1/2)
` =−
(
1− m
2
`
q2
)[
|f1/2,0|2(mΛb +mΛ∗c )
2 − q2(|f1/2,⊥|2) + |g1/2,0|2(mΛb −mΛ∗c )
2 − q2(|g1/2,⊥|2)
]
.
(4.66)
For the J = 3/2 we have
a
(3/2)
` =
[
|F1/2,t|2
m2`
q2
(mΛb −mΛ∗c )
2 +
(
|F1/2,0|2(mΛb +mΛ∗c )
2 + (|F1/2,⊥|2 + 3|F3/2,⊥|2)(m2` + q2)
)
+ |G1/2,t|2
m2`
q2
(mΛb +mΛ∗c )
2 +
(
|G1/2,0|2(mΛb −mΛ∗c )
2 + (|G1/2,⊥|2 + 3|G3/2,⊥|2)(m2` + q2)
)]
,
(4.67)
b
(3/2)
` = 2
[
(F1/2,tF1/2,0) + (G1/2,tG1/2,0)
] m2`
q2
(m2Λb −m
2
Λ
∗
c
)− 4 q2 [F1/2,⊥G1/2,⊥ + 3F3/2,⊥G3/2,⊥] ,
(4.68)
c
(3/2)
` =−
(
1− m
2
`
q2
)[
|F1/2,0|2(mΛb +mΛ∗c )
2 − q2(|F1/2,⊥|2 + 3|F3/2,⊥|2)
+ |G1/2,0|2(mΛb −mΛ∗c )
2 − q2(|G1/2,⊥|2 + 3|G3/2,⊥|2)
]
. (4.69)
Our results for the angular coefficients in eqs. (4.64)–(4.66) and eqs. (4.67)–(4.69) include the
full m` dependence. We can compare them to the results for the fully differential decay rate in
the limit m` → 0 as presented in [77]. We find complete agreement between our limit and the
results of [77] when converting to the different basis of form factors as shown in eq. (B.16).
4.4 Prospects for the determination of the Λ0b → Λ∗+c form fac-
tors using LHCb data
Similarly to the mesonic B → D(∗) transitions, the most precise SM prediction for RΛ∗c will arise
from a combination of theoretical and experimental input. In this section, we investigate the
sensitivity to the IW parameters from the decay Λ0b → Λ∗+c µ−νµ in the present and future LHCb
datasets when assuming a SM-like distribution3. To achieve this, we first produce a series of toy
ensembles and subsequently fit the decay distribution to the simulated pseudo events. Estimates
for the theoretical uncertainty on RΛ∗c within the SM are then produced based on our fits.
4.4.1 Experimental situation
Two aspects of the experimental situation are needed to assess the experimental sensitivity.
The reconstructed and selected signal yields of the decays Λ0b → Λc(2625)+µ−νµ and Λ0b →
3
Note that a popular NP explanation for the present R
D
(∗) anomalies is a rescaling of the coupling associated
with effective operator ∼ [cγµ(1 − γ5)b] [νγµ(1 − γ5)`]. Such a rescaling would leave the angular distribution of
b→ c`ν decays used here invariant.
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Figure 4.1: Purity as a function of q2 and cos θl, defined as the fraction of candidates which
belong in a particular kinematic bin. The purity for cos θl is better than for q
2 due to the better
resolution.
Λc(2595)
+µ−νµ and the resolution in q
2 and cos θl. We estimate the expected signal yields for a
given luminosity by extrapolating from the numerical values quoted in Ref. [75], taking into the
account the increased bb cross-section at 13 TeV [89]. We explore the sensitivity to parameters
of interest as a function of the luminosity, starting from the current LHCb dataset, up to the
luminosity expected at the end of the first LHCb upgrade [90].
A key factor which limits the precision of the experimental measurements is the resolution
in q2 and cos θl, induced by the unreconstructed neutrino. The resolution determines how
finely the data is binned and introduces a statistical correlation between adjacent bins. At a
hadron collider, the momentum of the neutrino can be deduced using the information of the Λ0b
flight direction and its mass, up to a two-fold ambiguity. The dominant effects on the resulting
resolution originate from the measurement of the primary pp collision and Λ0b vertices, as well the
effect of choosing the wrong kinematic solution from the two available. In order to approximate
the resolution of the LHCb detector, a sample of Λ0b → Λ∗+c µ−νµ candidates are simulated
using Pythia at 13 TeV [91, 92], with a required pseudo-rapidity of 2 < η < 5, approximately
corresponding to the LHCb acceptance. The vertices of the pp collision and Λ0b decay are varied
according to a resolution inspired from Ref. [93] and used in Ref. [94]. The resolutions of ±20 µm
in the x and y directions and ±200 µm in the z direction (defined as the direction aligned with
the LHC beam line) is used for the Λ0b vertex. For the pp collision vertex, a resolution of ±13 µm
in x and y and ±70 µm in z is assumed. With these new vertex positions the two kinematic
solutions for the neutrino are then calculated, and one is chosen randomly.
The resulting purities with 4 q2 bins and 4 cos θl bins are shown in figure 4.1, where the purity
is defined as the fraction of the number of candidates reconstructed correctly for a given q2 bin.
There is a better purity at negative cos θl, which is due to the interplay between q
2 and cos θl: at
high q2 the cos θl resolution is poor, and in this region there is a positive cos θl distribution. The
resolution limits the number of bins and induces a statistical correlation between neighbouring
bins, which is calculated based on the number of candidates which migrate between those two
bins. In the 4× 4 bins configuration, this correlation is around 10-30% in both q2 and cos θl.
In addition to the above, precision measurements of b-hadrons branching fractions at the LHC
require a well-measured normalisation channel to cancel the uncertainties related to the produc-
tion. In principle one could normalise to a well measured B meson decay and take the ratio of
production fractions. However, this method would inherit substantial systematic uncertainties,
and therefore for this study the decay rate is normalised and only the shape information is used
to determine the parameters of interest. This means that the absolute normalisation of the form
factors cannot be constrained experimentally. As a consequence we do not report any sensitivity
for the form factor parameter ζ(q2max), which corresponds to this absolute normalisation.
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Figure 4.2: Distribution of the IW parameters as fitted from an ensemble of pseudo-experiments.
The distributions are shown for the cases when one of the two Λ∗+c states is fitted, as well as the
combination of both.
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Figure 4.3: Distribution of the IW parameters as fitted from an ensemble of pseudo-experiments.
The sensitivity is shown for fits to both the one-dimensional q2 and two-dimensional q2 × cos θl
distributions.
4.4.2 Fits to the differential decay rate
We generate ensembles of pseudo-experiments according to the conditions outlined above, using
both parameterisations of the IWFs given in section 4.3.1, and using the common benchmark
points defined in section 4.3.2. We start by fitting the one-dimensional q2 distribution of the
Λ0b → Λc(2625)+µ−νµ decay, Λ0b → Λc(2595)+µ−νµ decay or a combination thereof. The re-
sulting one-dimensional distributions of the form factor parameters are shown in figure 4.2. ,
with the two-dimensional distributions shown in appendix B.7. When fitting a single decay
mode, we find that there is a degeneracy between the two slope parameters ρ and ρSL due to
a strong correlation that is positive for the Λ0b → Λc(2625)+µ−νµ decay and negative for the
Λ0b → Λc(2595)+µ−νµ decay. Only by combining both states in a single fit can the interference
between the positive and negative correlation break this degeneracy.
In order to maximise the sensitivity to all three form factor parameters and make full use of
the LHCb dataset, we investigate fits to the two-dimensional q2 and cos θl. The resulting one-
dimensional and two-dimensional distributions of the parameters are shown in appendix B.7. A
comparison between the distributions of the IW parameters for the one- and two-dimensional
fits are shown in figure 4.3. The results show that a two-dimensional fit improves the precision
on all three parameters with reduced correlations between them. This strongly motivates a full
two-dimensional fit to both Λ∗+c states simultaneously for any future LHCb analysis to give the
best possible precision on the form factor parameters.
4.4.3 Projected precision on the RΛ∗c predictions
Finally, by using the expected precision on the form factors, one can calculate the precision
on the ratio RΛ∗c , which denotes both the RΛc(2595)
+ and R
Λc(2625)
+ ratios as they are derived
from the same parameters and therefore have similar uncertainties. The precision as a function
of the luminosity collected by the LHCb experiment is shown in figure 4.4. Assuming the
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Λc(2625)
+ ratio as a function of the data
collected by the LHCb experiment.
exponential model4 describes the data well, a ∼7% precision can be expected from run I+II
data, and a 2% precision can be expected after upgrade 1 of the LHCb detector. For the linear
model, we find in general smaller uncertainties than for the exponential model. Our estimates
for the uncertainties ignore power suppressed terms in the HQET expansion and experimental
systematic uncertainties, which could become relevant at that level of precision.
Similar to what has been done in the literature for RD∗ , we can estimate the impact of the
dominant unknown 1/m2c corrections to the HQET relations on the theory predictions for the
RΛ∗c . Following the discussion [30], we wish to separate the term involving the timelike form
factors from the term that can be taken directly from data on the semimuonic decay mode. We
therefore decompose
dΓ
(τ)
J
dq2
=
dΓ
(τ,1)
J
dq2
+
dΓ
(τ,2)
J
dq2
(4.70)
in two contributions
dΓ
(τ,1)
J
dq2
=
1
3
(
1− m
2
τ
q2
)2 (
2 +
m2τ
q2
)
dΓ(`)
q2
∣∣∣∣
m`→0
, (4.71)
dΓ
(τ,2)
J
dq2
=

Γ
(τ)
0
[
|f1/2,t|2 m
2
τ
q
2
(
mΛb −mΛ∗c
)2
+ |g1/2,t|2 m
2
τ
q
2
(
mΛb +mΛ∗c
)2]
J = 1/2
2 Γ
(τ)
0
[
|F1/2,t|2 m
2
τ
q
2
(
mΛb −mΛ∗c
)2
+ |G1/2,t|2 m
2
τ
q
2
(
mΛb +mΛ∗c
)2]
J = 3/2
.
(4.72)
Note here that the (τ, 1) terms are taken directly from data, while the (τ, 2) terms rely on the
HQET relations between the form factors for theoretical predictions. Correspondingly, we then
decompose RΛ∗c = RΛ
∗
c ,1
+RΛ∗c ,2 with
RΛ∗c(J),i =
∫ (mΛb−mΛ∗c )2
m
2
τ
dq2
dΓ
(τ,i)
J
dq
2∫ (mΛb−mΛ∗c )2
m
2
µ
dq2
dΓ
(µ)
J
dq
2
. (4.73)
4
With exponential model we indicate the exponential parametrisation described in section 4.3.1 together with
the benchmark points obtained in section 4.3.2.
59
We find that the relative contribution by the (τ, 1) term is both dominant and stable under
variation of the slope parameters across our four benchmark points in the exponential model.
We find that
RΛc(2595),1 ' 0.76 ·RΛc(2595)+ , and RΛc(2625),1 ' 0.77 ·RΛc(2625)+ . (4.74)
For a conservative estimate, we can assume that the 1/m2c contributions yield 30% corrections
to the HQET relations as estimated in [30]. Consequently, we would face an inherent theory
uncertainty of ∼ 8% for RΛc(2595) and up to ∼ 7% for RΛc(2625). Given that projected statistical
uncertainty in figure 4.4 are of similar size already with the full run II dataset, we come to the
conclusion that our theoretical uncertainty estimates strongly motivate dedicated lattice QCD
studies of the Λb → Λ∗c form factors.
4.5 Conclusion
Motivated by the recent deviations in LFU in semileptonic b → s and b → c decays, we have
provided the theoretical ingredients needed to constrain the theoretical uncertainty of the lepton
universality ratios R
Λc(2595)
+ and R
Λc(2625)
+ , collectively denoted as RΛ∗c .
To this end, we have improved and extended upon the work in [77]. We provide a new definition
of the hadronic form factors, convenient for the decay observables, and work out formulae for
O(αs) corrections to HQE. We then propose a parameterisation of the Isgur-Wise function
informed from previous studies on the ground state Λ0b → Λ+c transition [81] and perform a zero
recoil sum rule to provide a benchmark point for these parameters to be used in a study of
the sensitivity to these parameters for a future analysis of LHCb data. Last but not least, we
provide the finite lepton mass terms for the two double differential decay distributions.
We investigated the benefits of fitting the two-dimensional q2 − cos θl distribution over fitting
only the q2 distribution, for either of the Λ∗+c hadronic states and their combination. We find
that fitting the angular information in addition to the q2 spectrum is crucial to obtain sensitivity
to the sub-leading Igsur-Wise function. In addition, we stress that a combined analysis of both
Λ∗+c states is necessary to break the degeneracy between the slopes of the leading and sub-
leading Igsur-Wise functions. Finally, we show that by measuring the differential decay rate
of Λ0b → Λ∗+c µ−νµ, small statistical uncertainty for a data driven determination of the RΛ∗c
ratios can be achieved. Our results therefore motivate an LHCb analysis of the Λ0b → Λ∗+c µ−νµ
double-differential decay rate and the subsequent experimental measurement of the RΛ∗c ratios.
On the other hand, we also demonstrate that the unknown 1/m2 terms in the form factors’
expansion produce at present an irreducible uncertainty that is of the same order as the statistical
uncertainty. This motivates further theoretical studies of the form factors, e.g. from lattice QCD.
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Precise predictions within the
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Chapter 5
On the Standard Model predictions for RK
and RK∗
5.1 Introduction
The Lepton Flavour Universality (LFU) ratios
RM [q
2
min, q
2
max] =
∫ q2max
q
2
min
dq2
dΓ(B →Mµ+µ−)
dq2∫ q2max
q
2
min
dq2
dΓ(B →Me+e−)
dq2
, (5.1)
where q2 = m2``, are very clean probes of physics beyond the Standard Model (SM): they have
small theoretical uncertainties and are sensitive to possible new interactions that couple in a
non-universal way to electrons and muons [95]. As already mentioned in section 2.4, a strong
interest in the observable R
K
(∗) has recently been raised, given the 2.1−2.6σ deviations observed
in [42,43], that differs from the na¨ıve expectation
R
(SM)
K
(∗) = 1 (5.2)
by about 2.6σ. The interest is further raised by the combination of this anomaly with other
b → s`+`− observables [49, 96], and by the independent hints of violations of LFU observed
B → D(∗)τν` decays [33,36,97].
While perturbative and non-perturbative QCD contributions cancel in R
K
(∗) (beside trivial
kinematical factors), this is not necessarily the case for QED corrections. In particular, QED
collinear singularities induce corrections of order (α/pi) log2(mB/m`) to b→ s`+`− transtions [17,
98, 99] that could easily imply 10% effects in R
K
(∗) . The purpose of this work is to estimate
these corrections and to precisely quantify up to which level a deviation of RK or RK∗ from 1
can be considered a clean signal of physics beyond the SM.
5.2 QED corrections in RM
A complete evaluation of QED corrections to B →M`+`− decay amplitudes is a non-trivial task,
due to the interplay of perturbative and non-perturbative dynamics (see e.g. [100]). However,
the problem is drastically simplified if we are only interested in the LFU ratios RM , especially
in the low dilepton invariant mass region, and if interested in possible deviations from eq. (5.2)
exceeding 1%. In this case the problem is reduced to evaluating log(m`) enhanced terms, whose
origin can be unambiguously traced to soft and collinear photon emission. The latter repre-
sents a universal correction factor [101,102] that can be implemented, by means of appropriate
convolution functions,1 irrespective of the specific short-distance structure of the amplitude.
5.2.1 Universal radiation function
Following the above observation, the treatment of soft and collinear photon emission in B →
M`+`− closely resemble that applied to h→ 2e2µ decays in Ref. [104]. The key observable we
are interested in is the differential lepton-pair invariant-mass distribution
F `M (q2) =
dΓ(B →M`+`−)
dq2
. (5.3)
The complete structure of infrared (IR) divergences in the decay is channel dependent [100];
however, the log(m`) enhanced terms can be factorized and are independent from the spin of
the meson M .
The leading QED corrections can be unambiguously identified working in the limit of massless
leptons, retaining only the mass terms regulating collinear singularities. In this limit we define
the radiator ω(x, x`), that represents the probability density function that a dilepton system
retains a fraction
√
x of its original invariant mass after bremsstrahlung. Namely we define
x = q2/q20, where q
2
0 is the initial dilepton invariant mass squared (pre bremsstrahlung), and we
introduce the variable x` = 2m
2
`/q
2
0 that regulates collinear singularities. In order to match the
IR-safe observable directly probed in experiments, the integration range of x is determined by
the requirement that the reconstructed B-meson mass (mrecB ), from the measurement of leptons
and hadron momenta, is above a minimum value.
In order to regulate IR divergences, we introduce an (unphysical) IR-regulator x∗ (x∗  1),
defined as the minimal detectable value of of 1−x. The full radiator ω(x, x`) is then decomposed
as
ω(x, x`) = ω1(x, x`)θ(1− x− x∗) + ω2(x, x`, x∗)δ(1− x) , (5.4)
where the explicit form of ω1,2 in the limit (1− x) 1 and x`, x∗  1 is
ω1(x, x`) =
α
pi
1
1− x
[
−2 + (1 + x2) log
(
2x
x`
)]
,
ω2(x, x`, x∗) = 1−
α
pi
{
5
4
− pi
2
3
+ 2 log(x∗) +
[
3
2
+ 2 log(x∗)
]
log
(x`
2
)}
. (5.5)
The first term, ω1, describes the real emission of a photon such that the lepton pair retains
a fraction
√
x of its invariant mass; the θ-function implements the corresponding IR regulator.
The second term, ω2, describes the events in which the soft radiation is below the IR regulator,
as well as the effect of virtual corrections.
We have determined the structure of ω1 by means of an explicit O(α) calculation of the real
emission, while ω2 has been determined by the condition
ω2(x, x`, x∗) = 1−
∫ 1−x∗
2x`
dx ω1(x, x`) (5.6)
that, by construction, ensure the independence of the full radiator from the IR regulator and
the normalization condition ∫ 1
2x`
dx ω(x, x`) = 1 . (5.7)
1
For a discussion about the implementation of universal QED corrections in a general EFT context see also
Ref. [103].
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The latter is valid up to finite (non log-enhanced) corrections of O(α/pi) that define the accuracy
of our approximation.
We can thus write the double differential distribution in terms of the invariant mass of the
dilepton system before bremsstrahlung and x = q2/q20 as
d2Γ
dq20 dx
= F (0)M (q20)ω(x, x`, x∗) , (5.8)
where F (0)M (q20) denotes the non-radiative spectrum. Starting from eq. (5.8) we can extract the
double differential spectrum after radiative corrections. To this purpose, we first trade x for q2,
we then integrate over all the possible values of q20 determined by the cut on m
rec
B , namely
2
q20 ≤ q20,max(q2, δ) =
q2
δ2
[
1 + (1− δ2) m
2
M
m2Bδ
2 − q2
]
, (5.9)
where δ = mrecB /mB < 1. Proceeding this way we finally obtain:
F `M (q2) =
∫ q20,max
q
2
dq20
q20
F (0)M (q20) ω
(
q2
q20
,
2m2`
q20
)
, (5.10)
We stress that the result in eq. (5.10) includes both real and virtual QED corrections. The latter
have been indirectly determined by the normalization condition for ω(x, x`), that is the same
condition applied in showering algorithms [105], and that follows from the safe IR behavior of
the photon-inclusive dilepton spectrum.
Before concluding this section, we summarize below the size of neglected contributions and the
accuracy of this calculation.
• As anticipated, we do not control O(α/pi) virtual corrections that are regular in the limit
m` → 0. The latter are expected to be safely below the 1% level.
• The calculation of the real emission has been done in the limit m2`  q2 that is certainly
an excellent approximation in the electron case, while it is less good in the muon case;
however, also in this case the neglected contributions are O(α/pi) non log-enhanced terms.
• In the case of a charged meson in the final state, we should consider also the radiation from
the meson leg. We have checked by means of an explicit calculation at O(α) (employing
a generic hadronic matrix element) that the latter do not interfere with the radiation of
the lepton legs at the leading-log level once we integrate over the leptonic angles.3 The
radiation of the meson leg can thus be considered separately by means of an independent
radiation function. A quantification of its effect in the B+ → K+`+`− case is discussed in
section 5.3.
• Independently of the charge of the meson, an additional contribution to the real radiation
is due to structure-dependent terms (i.e. separately gauge-invariant amplitudes that vanish
in the Eγ → 0 limit). By construction, these amplitudes are free from soft singularities but
could have collinear singularities. However, these vanishes after a symmetry integration
over the leptonic angles for the same argument discussed above.
• In order to quantify the impact of radiative corrections we need a theoretical input for
the non-radiative spectrum F (0)M (q20), whose explicit expression for B → K and B →
2
In principle, from a pure kinematical point of view, the cut on m
rec
B allow q
2
0 values even exceeding the bound
in eq. (5.9); however, this occurs only for non-soft and non-collinear emissions that are beyond our approximations.
3
This happens because the leptonic current carries an overall neutral electric charge.
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K∗ transitions is discussed in section 5.2.2. From eq. (5.10) it is clear that, as long as
F `M (q2)/F (0)M (q2) is a smooth function of q2, the relative impact of radiative corrections in
RM is insensitive to the dynamics responsible for the B →M`+`− decay.
5.2.2 Parameterization of the non-radiative spectrum
The choice of the radiative spectrum for the B → K+`+`− decay is quite simple. In full
generality we can write
F (0)K (q2) ∝ λ3/2(q2)
∣∣∣f+(q2)∣∣∣2 [|a9(q2)|2 + |a10|2] , (5.11)
where λ(s) = (m4B + m
4
K + s
2 − 2m2Km2B − 2sm2B − 2sm2K)/m4B, f+(q2) is the B → K vector
form factor
〈K(k)| sγµb |B(p)〉 = f+(q2)(p+ k)µ +O(qµ) (5.12)
and a9(q
2
0) and a10 denote the effective Wilson coefficients of the vector and the axial-vector
components of the leptonic current [106]. For our numerical analysis we use the parameterization
of the form factor and the numerical values of the Wilson coefficients from Ref. [106].
In order to provide an effective description of the non-perturbative distortion of the spectrum
induced by the charmonium resonances, we modify the vector effective Wilson coefficient as
follows
a9(q
2) = a pert9 (q
2) + κψ
q2
q2 −m2ψ + imψ Γψ
(5.13)
where {mψ,Γψ} are the experimental mass and width of the J/ψ(1S) state, and the value
of the (real) effective coupling κψ has been fixed in order to reproduce B(B → Kψ) in the
narrow width approximation. This description is certainly approximate (see e.g. the discussion
in Ref. [107, 108]), but it provides a good estimate of the region where the B → K+`+`−
spectrum starts to vary rapidly with q2, that is relevant in order to define the region of validity
of our approach.
As far as the B → K∗`+`− is concerned, we proceed introducing the standard set of vector,
axial, and tensor form factors
〈K∗| sγµb |B〉 =
2V (q2)
mB +mK∗
εµρστ 
∗ρpσkτ , (5.14)
〈K∗| sγµγ5b |B〉 = i∗ρ
[
2mVA0(q
2)
qµqρ
q2
+ (mB +mK∗)A1(q
2)
(
gµρ −
qµqρ
q2
)
− A2(q2)
qρ
mB +mK∗
(
(p+ k)µ −
∆m2
q2
qµ
)]
, (5.15)
〈K∗| siσµνqνb |B)〉 = − 2T1(q2)εµρστ ∗ρpσkτ , (5.16)
〈K∗| siσµνγ5qνb |B〉 = iT2(q2)
[
∗µ∆m
2 − (∗ · q)(p+ k)µ
]
+ iT3(q
2)
(
∗ · q)(qµ − q2
∆m2
(p+ k)µ
)
, (5.17)
where ∆m2 = m2B −m2K∗ , whose numerical values are taken from Ref. [64] (and based on the
original works in Ref. [109, 110]). With these we proceed evaluating the differential rate as, for
instance, in Ref. [95].
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Figure 5.1: Relative impact of radiative correction in B → K+`+`− decays for q2 ∈ [1, 9.5] GeV2,
with different cuts on the reconstructed mass and different lepton masses.
B → K`+`− ` = e ` = µ
mrecB = 4.880 GeV −7.6% −1.8%
mrecB = 5.175 GeV −16.9% −4.6%
B → K∗`+`− ` = e ` = µ
mrecB = 4.880 GeV −7.3% −1.7%
mrecB = 5.175 GeV −16.7% −4.5%
Table 5.1: Relative impact of radiative corrections for q2 ∈ [1, 6] GeV2, with different cuts on
the reconstructed mass and different lepton masses.
5.3 Numerical results
The relative impact of radiative corrections in B → K+`+`−, namely a plot of the ratio
R`K(q2) =
F `K(q2)
F (0)K (q2)
, (5.18)
is shown in figure 5.1 in the region q2 ∈ [1, 9] GeV2. The different colors correspond to different
lepton masses (red for the electron and blue for the muon). Dashed and full lines correspond to
different choices of the minimal cut on the reconstructed B-meson mass from the momenta of
charged particles. We have choosen for the latter the two values used in Ref. [42] for the analysis
of the electron modes (m recB ≥ 4.880 GeV, full lines) or the muon modes (m recB ≥ 5.175 GeV,
dashed lines).
The first point to be noted in Fig. 5.1 is that R`K(q2) is a smooth function for sufficiently low val-
ues of q2, while a sudden rise appear close to the resonance region. The latter is a manifestation
of the radiative return from the J/Ψ peak. The position where the J/Ψ contamination appears
depends only from the cut imposed on m recB . Even for the looser cut applied in the electron case
the region q2 ∈ [1, 6] GeV2 is free from the J/Ψ contamination and can be estimated with good
theoretical accuracy (see Fig. 5.2). To better quantify this statement we have explicitly checked
that varying the phase of the effective coupling κψ in eq. (5.13) leads to per-mill modifications
to R`K(q2) for q2 ≤ 6 GeV2. We also have explicitly checked that the cut on mrecB eliminates
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Figure 5.2: Relative impact of radiative correction in B → K`+`− (up) and in B → K∗`+`−
(down) for q2 ∈ [1, 6] GeV2, with different cuts on the reconstructed mass and different lepton
masses. .
photons from the J/Ψ peak also when considering the full kinematics of the event, i.e. beyond
the soft and collinear approximation on which we derived eq. (5.9).
The second point to be noted is that in the regular region of the spectrum radiative corrections
reach (or even exceed) the 10% level for the electrons (as naively expected); however, the net
effect in RK is significantly smaller. Indeed the magnitude of the corrections is larger for electron
vs. muons, but it increases for m recB → mB. This imply that the specific choice of mrecB cuts
applied by the LHCb collaboration, i.e. a loose cut for the electrons and a tighter cut for the
muons, give rise to a natural compensation of the QED corrections to RK .
The integrated corrections that quantity the modifications to RK are reported in table 5.1. Given
the choice of mrecB applied in Ref. [42], we estimate that radiative corrections induce a positive
shift of the central value of RK of a about ∆RK = +3%. This effect is taken into account by
the LHCb collaboration, who estimated the impact of radiative corrections with PHOTOS [105],
and properly corrected for in the result reported. We have explicitly checked that our estimate
of ∆RK is in agreement with that obtained with PHOTOS up to differences within ±1%.4
In order to check the smallness of the non-log(m`) enhanced terms, in figure 5.2 we report the
effect of the radiation from the meson leg, that is IR divergent but has no collinear singularities.
We evaluated these terms developing the corresponding radiator function (see Ref. [103]), whose
implementation depend only on mrecB . As can be seen from figure 5.2, the results are well below
the 1% level.
4
We thank Rafael Silva Coutinho for a detailed comparison about the radiative corrections implemented in
the LHCb analysis of RK .
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mrecB = 4.880 GeV −0.02%
mrecB = 5.175 GeV −0.18%
Table 5.2: Relative contribution of radiative corrections due emission from the meson leg, in the
B+ → K+`+`− case, for q2 ∈ [1, 6]GeV2.
Figure 5.3: Contributions to dΓ[B → K∗`+`−(γ)]/dq2 (in arbitrary units) in the low q2 region
for ` = e (red) and ` = µ (blue), before any cut in mrecB . The full line is the photon-inclusive
rate; the dashed line is the non-radiative FCNC rate; dotted and dash-dotted lines denote the
contribution to the photon inclusive rate from B → K∗ + η(→ `+`−γ) with (dash-dotted) and
without (dots) interference with the soft radiation from the FCNC rate.
The impact of radiative corrections in the B → K∗`+`− decays is shown in figure 5.2 and
summarized by the integrated values reported in Table 1. The situation is very similar to the
B+ → K+`+`− : employing the same m recB cuts for electron and muon modes as in Ref. [42],
we find that the net impact of radiative corrections is ∆RK∗ = +2.8%. Also in this case this
effect is well described by PHOTOS.
5.4 SM predictions for RK∗ in the low q
2 region.
The prediction in the 0.045 GeV2 ≤ q2 ≤ 1.1 GeV2 bin is more delicate. The kinematical
threshold of the muon mode, and the rapid (and flavour non-universal) variation of dΓ/dq2 close
to this threshold, imply larger theoretical uncertainties. First of all, even in absence of QED
corrections, form-factor uncertainties do not cancel completely in this region. We estimate the
latter to induce a ±0.02 error (in agreement with Ref. [41]).
As far as QED corrections are concerned, a specific aspect of the near-threshold region is the
sensitivity to light-hadron effects. Non-negligible extra contributions to the photon-inclusive
rate are obtained by direct-emission amplitudes of the type B → K∗P 0 → K∗`+`−γ, where
P 0 denotes an almost on-shell η or pi0 state. The η-mediated contribution turns out to be
particularly sizeable given B(B → K∗η) ≈ 1.6 × 10−5 and B(η → e+e−γ) ≈ 0.7%.5 An
illustration of the impact of the latter is shown in figure 5.3.
Some comments on the light-hadron contribution are in order:
5
In absence of a lower cut on q
2
and m
rec
B , the rate for B → K∗η → K∗e+e−γ is about 30% of Γ(B →
K
∗
e
+
e
−
; q
2
< 0.1).
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i. This contribution is an irreducible part of the photon-inclusive rate (which is the only well-
defined physical observable) and, as such, it must be included in the theoretical prediction
of RK∗ (in the relevant kinematical region).
ii. The leading effect is necessarily a decrease of RK∗ compared to the non-radiative case (the
radiative tails of electron and muon modes are both enhanced, but the effect is smaller in
the muon case given the proximity to the phase-space border). The decrease of RK∗ is
further enhanced by the looser mrecB cut on electron vs. muon modes.
iii. There is a non-negligible interference between the meson-mediated amplitude and the soft-
photon emission of the genuine FCNC amplitude. This interference induces a (theoretical)
uncertainty in estimating this effect given the unknown relative phases of the amplitudes.
An additional source of uncertainty is provided by any other contribution of the type
B → K∗γ + γ∗(→ e+e−), for which we do not have a reliable normalization.
iv. Above the threshold region also the meson-mediated amplitude becomes lepton universal
(figure 5.3), and the uncertainty of this contribution becomes negligible for q2 > 0.1 GeV2.
Taking into account the kinematical cuts mrecB = 4.500 GeV (for ` = e) and m
rec
B = 5.150 GeV
(for ` = µ), we estimate the meson-mediated contribution to yield6
∆QEDRK∗ [0.045, 1.1] ≈ −0.017 . (5.19)
Given the discussion above, we assign a conservative ±0.02 error to the whole QED corrections
in this region. Our final SM estimate is then
RK∗ [0.045, 1.1]
SM = 0.906± 0.020 QED ± 0.020 FF
= 0.906± 0.028 th . (5.20)
It must be stressed that the (relatively) large theoretical uncertainty in (eq. (5.20)) is due to
the definition of the bin, that starts at the di-muon threshold. Setting the lower threshold to
0.1 GeV2 (a value that we advocate in view of future experimental analyses) we find
RK∗ [0.1, 1.1]
SM = 0.983± 0.010 QED ± 0.010 FF
= 0.983± 0.014 th . (5.21)
5.5 Conclusions
The experimental result presented in [42, 43] stimulated a lot of theoretical activity [50, 57–
59, 111–135]. In view of this result and, especially, in view of possible future experimental
improvements in the determination of RK or RK∗ , we have re-examined the SM predictions of
these LFU ratios.
As we have show, log(m`)-enhanced QED corrections may induce sizable deviations from eq. (5.2),
even up to 10%, depending on the specific cuts applied to define physical observables. In par-
ticular, a key role is played by the cuts on q2 = m2`` and on the reconstructed B-meson mass.
The former is important to avoid rapidly varying regions in the dilepton spectrum (where the
theoretical tools to compute QED corrections become unreliable), while the latter defines the
physical IR cut-off of the rates. Employing the cuts presently applied by the LHCb Collabo-
ration, the corrections in RK do not exceed 3%. Moreover, their effect is well described (and
corrected for in the experimental analysis) by existing Montecarlo codes.
6
The result in eq. (5.19)) holds under the assumption that any contribution to the photon-inclusive electron
rate with q
2
< 0.045 GeV
2
is subtracted (or corrected for) on the experimental side, otherwise the correction
could be significantly larger.
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According to our analysis, a deviation of RK or RK∗ from 1 exceeding the 1% level, performed
along the lines of Ref. [42] in the region 1 GeV2 < q2 < 6 GeV2, would be a clear signal of
physics beyond the Standard Model.
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Part IV
Model building for the anomalies
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Chapter 6
Semi-leptonic B-physics anomalies: a
general EFT analysis within U(2)n flavour
symmetry
6.1 Introduction
The set of deviations from the SM presented in section 2.4 have triggered a series of theoretical
speculations about possible New Physics (NP) interpretations. In particular, attempts to provide
a combined/coherent explanation for both charged- and neutral-current anomalies have been
presented in Ref. [57–59, 125, 127, 128, 133, 136–140]. Among them, a particularly interesting
class is that of models based on a U(2)n flavour symmetry, acting on the light generations of
SM fermions [11,141], and new massive vector mediators around the TeV scale (either colorless
SU(2)L triplets [58], or SU(2)L doublet leptoquarks [125]). Beside providing a good description
of low-energy data, these mediators could find a consistent UV completion in the context of
strongly-interacting theories with new degrees of freedom at the TeV scale [134,142].
While these NP interpretations are quite interesting, their compatibility with high-pT data from
the LHC and other precision low-energy observables is not trivial. On the one hand, it has been
pointed out that high-pT searches of resonances decaying into a ττ pair (pp→ ττ+X) represent
a very stringent constraint for a large class of model addressing the R
τ/`
D
(∗) anomalies [143]. On the
other hand, the consistency with LFU tests and the bounds on Lepton flavour Violation (LFV)
from τ decays, after taking into account quantum corrections, seems to be problematic [144].
Last but not least, in all the explicit models constructed so far, a non-negligible amount of
fine-tuning seems to be unavoidable in order to satisfy the constraints from Bs and Bd meson-
antimeson mixing (see, in particular, Ref. [125,134]).
The compatibility with collider searches is certainly a serious issue; however, it should not be
over-emphasized especially in the context of strongly interacting theories, where the extrapo-
lation from low-energy data to the on-shell production of the new states is subject to sizable
uncertainties. On the contrary, the compatibility of these anomalies with other low-energy data
is a question that can be addressed in a model-independent way using an appropriate Effective
Field Theory (EFT) approach. The purpose of this work is to revisit the consistency and the
compatibility of the anomalies reported in section 2.4 with other low-energy data, employing a
general EFT approach based on the U(2)n flavour symmetry.
As it appeared clear from the first U(2)n based analyses [58, 125], the flavour symmetry alone
is not enough to guarantee a natural explanation of B-physics anomalies in a general EFT
approach. Additional dynamical assumptions are needed to explained the observed hierarchy
among the various effective operators. Our goal is to discuss in general terms possible power-
counting schemes to justify these hierarchies and, within such schemes, to quantify the amount
of fine-tuning necessary to obtain a satisfactory description of all low-energy data.
This chapter is organised as follows. In section 6.2 we define the low-energy EFT and provide
a complete list of the four-fermion operators with the inclusion of at most one lepton spurion
and one (or two) quark spurion(s) contributing to ∆F = 1 (or ∆F = 2) processes. The
bounds on these operators from the relevant low-energy observables are discussed in section 7.4.
In section 6.4.1 we analyse these bounds and determine a consistent power-counting scheme
that allow us justify the observed hierarchies. In section 6.4.3 we discuss selected observables
receiving leading contributions from operators with two lepton spurions (among which R
µ/e
K ),
further testing the consistency of the proposed power-counting scheme. The final results, with
a quantification of the fine-tuning needed to reconcile anomalies and bounds, are summarised
in the Conclusions.
6.2 Setup
The EFT we are considering is characterised by the SM field content, the SM gauge symmetry
(SU(3)c × SU(2)L × U(1)Y ), and a global flavour symmetry Gflavour, that we can decompose as
follows
Gflavour = U(2)q × U(2)` × GR . (6.1)
The left-handed SM fermions (qiL and `
i
L) are singlets under GR and have the following transfor-
mation properties under U(2)q × U(2)`:
Q ≡ (q1L, q2L) ∼ (2, 1) , q3L ≡ q3L ∼ (1, 1) , (6.2)
L ≡ (`1L, `2L) ∼ (1, 2) , `3L ≡ `3L ∼ (1, 1) . (6.3)
The third-generation right-handed fermions (tR, bR and τR) are all singlets of the complete
group Gflavour. Various options are possible as far as the action of Gflavour on the right-handed
light-generation fermions is concerned. The simplest choice is the MFV-like [10] setting GR =
U(2)uR × U(2)dR × U(2)eR , such that E = (µR, eR) transforms as a doublet of U(2)eR , and
similarly for right-handed light quarks. But other options, where µR and eR belong to the same
non-trivial representation of a non-Abelian subgroup, leads to equivalent results.
We further consider two breaking spurions of the flavour symmetry, VQ and VL, transforming,
respectively, as (2,1) and (1,2) of U(2)q × U(2)`. The structure of VQ can be connected to the
CKM matrix (V ) up to an overall normalization factor [11]:
VQ ≡ (VQ1 , VQ2) = |VQ| ×
(
V ∗td
V ∗ts
, 1
)
, (6.4)
with |VQ| expected to be of O(|Vts|). In the case of VL, in the absence of a clear connection to the
entries in the lepton Yukawa couplings, and given the strong universality bounds in processes
involving electrons, we assume the following hierarchical structure:
VL ≡ (VL1 , VL2) = |VL| × (0, 1) , (6.5)
with |VL|  1 (an estimate of the maximal allowed value for |VL1/VL2 | is presented in sec-
tion 6.4.4).
So far we have not specified the flavour basis of the left-handed fermion doublets, or better how
we define the U(2)q × U(2)` singlets. In the lepton case, the natural choice is provided by the
charged-lepton mass-eigenstate basis (or by identifying τL as the U(2)` singlet). In the quark
sector the situation is more ambiguous. In principle, any linear combination between down- and
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Operator Relevant low-energy observables
Oqq01
[
q3Lγ
µQiV †Qi
]2
∆MBd , ∆MBs
Oqq02
[
q3Lσ
aγµQiV †Qi
]2
∆MBd , ∆MBs
Table 6.1: Four-quark operators contributing to ∆F = 2 amplitudes with at most two quark
spurions.
up-quark mass eigenstates is equally valid. For the sake of simplicity, we assume as reference
basis the down-quark mass-eigenstate basis. This corresponds to identifying the U(2)q singlet
and doublet as1
q3L =
(
V ∗kbu
k
L
bL
)
and Qi =
(
V ∗kiu
k
L
diL
)
, i = {1, 2} ≡ {d, s} . (6.6)
A “natural” change of basis is equivalent to the following shift in q3L
q3L → q′3L = q3L + θ V †QiQi , (6.7)
where θ is an O(1) parameter. As a result, we can consider natural (non fine-tuned) the EFT con-
structions if operators without spurions and corresponding terms obtained with the replacement
q3L → V †QiQi have coefficients of similar size.
The basis of effective operators
In addition to the symmetries discussed above, we impose the conservation of baryon and lepton
number, and we consider higher-dimensional operators up to dimension six. The EFT we are
considering can thus be written as
LEFT = LSM +
4GF√
2
∑
i
CiOi , (6.8)
using the Fermi scale, vF = (4GF /
√
2)−1/2 ≈ 174 GeV, as overall dimensional normalization
factor. With such choice we reabsorb the value of the EFT effective scale (Λ) inside the Wilson
coefficients, whose natural size in absence of specific suppression factors is O(v2F /Λ
2).
The effective operators Oi can be separated into three main categories: i) operators with no
fermion fields; ii) operators with two fermion fields (plus Higgs or gauge fields); iii) four-fermion
operators. The first two categories contain a small number of operators and are not particularly
interesting to the processes we are considering.2 Within the class of four-fermion operators we
can identify four interesting sub-categories, whose lists of operators, with the inclusion of at
most one lepton spurion and one quark spurion (or two quark spurions in the case of ∆F = 2
operators), are reported in tables 6.1–6.4. For each operator we indicate the low-energy processes
that can provide the most stringent constraint.
In the case of semi-leptonic operators we do not list explicitly those with a pair of right-handed
light quarks since they do not give rise to signatures different from those of the operators already
1
In Eq. (6.6) we write explicitly the two electroweak doublet components of the doublets.
2
As discussed in the introduction, we focus our attention only on low-energy processes. We do not include
in this category precision electroweak tests at the Z-pole, which are sensitive to four-fermion operators at the
one-loop level, but also to operators with a current and a Higgs current (ψγ
µ
ψH
†
DµH or ψLσaγ
µ
ψLH
†
σ
a
DµH)
at the tree level. It is trivial to show that, adjusting the coefficients of the latter (in our framework these are
free parameters unrelated to the four-fermion couplings) one can compensate the one-loop contributions discussed
in [144] and have a good fit of the (high-energy) electroweak observables.
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Operator Relevant low-energy processes
Oq01 (q3Lγµq3L)
(
`3Lγµ`3L
)
— (ντN → ντN , Υ→ ττ)
Oq02 (q3Lσaγµq3L)
(
`3Lσaγµ`3L
)
b→ cτν
Oq03 (q3Lγµq3L)
(
LiγµL
i
)
— (ν`N → ν`N , Υ→ ``)
Oq04 (q3Lσaγµq3L)
(
LiσaγµL
i
)
b→ cµν
Oq05
(
Qiγ
µQi
) (
`3Lγµ`3L
)
— (ντN → ντN , φ→ ττ)
Oq06
(
Qiσ
aγµQi
) (
`3Lσaγµ`3L
)
τ → Kν, D → τν
Oq07
(
Qiγ
µQi
)(
LiγµL
i
)
— (ν`N → ν`N , φ→ ``)
Oq08
(
Qiσ
aγµQi
)(
LiσaγµL
i
)
K → `ν, K → pi`ν, pi → `ν
Oq11
(
q3Lγ
µQiV †Qi
) (
`3Lγµ`3L
)
b→ sττ , b→ sνν
Oq12
(
q3Lσ
aγµQiV †Qi
) (
`3Lσaγµ`3L
)
b→ cτν, b→ sττ , b→ sνν, τ → Kν
Oq13
(
q3Lγ
µQiV †Qi
)(
LiγµL
i
)
b→ s``, b→ sνν
Oq14
(
q3Lσ
aγµQiV †Qi
)(
LiσaγµL
i
)
b→ s``, b→ sνν
Oq21 (q3Lγµq3L)
(
`3LγµL
iV †Li
)
Υ→ τµ, ηb → τµ
Oq22 (q3Lσaγµq3L)
(
`3LσaγµL
iV †Li
)
Υ→ τµ, ηb → τµ
Oq23
(
Qiγ
µQi
)(
`3LγµL
iV †Li
)
τ → µρ, τ → µω
Oq24
(
Qiσ
aγµQi
)(
`3LσaγµL
iV †Li
)
τ → µρ, τ → µω
Oq31
(
q3Lγ
µQiV †Qi
)(
`3LγµL
iV †Li
)
Bs → τµ
Oq32
(
q3Lσ
aγµQiV †Qi
)(
`3LσaγµL
iV †Li
)
Bs → τµ
Table 6.2: Semi-leptonic four-fermion operators, with only left-handed currents and at most one
lepton and/or one quark spurion. The processes listed between brackets do not give appreciable
bounds and are reported only for completeness.
listed and, in addition, can be assumed to be suppressed under natural dynamical assumptions.
For similar reasons, despite we have explicitly listed in tables 6.3–6.4 tensor operators, we will
ignore their effects in the phenomenological analysis of b→ cτν and b→ sττ transitions.
In principle, the various effective operators mix under quantum corrections. However, as in-
dicated in Eq. (6.8), we assume a rather low effective scale such that no large logarithms are
involved in the renormalization-group (RG) evolution. This implies that in most cases these
mixing effects can be neglected. The only exception are cases where an operator with a large
coefficient (in particular those contributing to R
D
(∗)) mixes into a strongly constrained one (such
as those contributing to leptonic τ decays), as pointed out first in Ref. [144]. Since no large
logarithms are involved, we take into account this effects directly at the matrix-element level
(i.e. taking into account also one-loop matrix elements, when necessary).
6.3 Observables
In this Section, we analyse the main experimental constraints on the operators with at most one
lepton spurion listed in the previous Section. These includes the non-vanishing constraints from
RD and RD∗ , and a long series of bounds from ∆F = 1 and ∆F = 2 processes, and τ decays.
The discussion of selected observables receiving leading contributions from operators with two
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Operator Relevant low-energy processes
OqR1 (q3Lγµq3L)
(
τRγµτR
)
— (Υ→ ττ)
OqR2
(
q3Lγ
µQiV †Qi
) (
τRγµτR
)
b→ sττ
OqR3
(
Qiγ
µQi
) (
τRγµτR
)
— (τN → τN)
OqR4 (q3Lγµq3L)
(
EjγµE
j
)
— (Υ→ ``)
OqR5
(
q3Lγ
µQiV †Qi
)(
EjγµE
j
)
b→ s``
OqR6
(
Qiγ
µQi
)(
EjγµE
j
)
— (φ→ ``)
OqS1
(
`3LτR
) (
bRq3L
)
b→ cτν
OqS2
(
`3LτR
) (
bRQ
iV †Qi
)
b→ cτν, b→ sττ
OqS3
(
LiV
i
LτR
) (
bRq3L
)
ηb → τµ
OqT1
(
`3LσµντR
) (
bRσ
µνq3L
)
b→ cτν
OqT2
(
`3LσµντR
) (
bRσ
µνQiV †Qi
)
b→ cτν, b→ sττ
OqT3
(
LiV
i
LσµντR
) (
bRσ
µνq3L
)
b→ cτν
Table 6.3: Semi-leptonic four-fermion operators, with leptonic right-handed and scalar currents,
and at most one lepton and/or one quark spurion.
lepton spurions is postponed to section 6.4.3. Unless otherwise specified, the bounds should be
interpreted as bounds on the Ci at the scale Λ (i.e. neglecting RG corrections between Λ and
the electroweak scale).
6.3.1 Semi-leptonic b→ c transitions
B → D`ν`
From the operators in table 6.2, the effective charged-current Lagrangian describing b → c
semi-leptonic decays with light leptons is:3
L(b→ c`ν`) = −
4GF√
2
Vcb
(
1 + 2Cq04 + 2VQsC
q
14
Vcs
Vcb
)
(cLγ
µbL)(`Lγµν`L). (6.9)
Since the structure of the Lagrangian in eq. (6.9) is SM-like, the decay width of the process
B → D`ν` can simply written as
Γ(B → D`ν`) = ΓSM(B → D`ν`)SM |1 + δD|2 , δD = 2Cq04 + 2VQsC
q
14
Vcs
Vcb
. (6.10)
Using the SM prediction B(B → Dµνµ)SM = (2.28±0.19) 10−2 [64], and the experimental result
in Ref. [146], we derive the bound
Re
(
Cq04 + VQsC
q
14
Vcs
Vcb
)
= −0.008± 0.025 , (6.11)
which is compatible with the hypothesis of negligible NP effects in the light lepton channels.
3
As anticipated, here and in b → cτντ we ignore the effects of tensor operators which are i) naturally
suppressed in a wide class of NP models, and ii) whose effects are barely distinguishable from those of left-
handed and scalar operators using the limited set of observables presently available. For a detailed discussion of
charged-current transitions including also tensor operators we refer to Ref. [145].
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Operator Relevant low-energy processes
O`01
(
`3Lγ
µ`3L
) (
`3Lγµ`3L
)
— (flav. cons. leptonic curr.)
O`02
(
`3Lσ
aγµ`3L
) (
`3Lσaγµ`3L
)
— (flav. cons. leptonic curr.)
O`03
(
`3Lγ
µ`3L
) (
LiγµL
i
)
— (flav. cons. leptonic curr.)
O`04
(
`3Lσ
aγµ`3L
) (
LiσaγµL
i
)
τ → `νν
O`11
(
`3Lγ
µ`3L
) (
`3LγµL
iV †Li
)
τ → `νν
O`12
(
`3Lσ
aγµ`3L
) (
`3LσaγµL
iV †Li
)
τ → `νν
O`13
(
`3Lγ
µLiV †Li
)(
LjγµL
j
)
τ → `νν, τ → `′``
O`14
(
`3Lσ
aγµLiV †Li
)(
LjσaγµL
j
)
τ → `νν, τ → `′``
O`R1
(
`3Lγ
µ`3L
) (
EjγµE
j
)
— (flav. cons. leptonic curr.)
O`R2
(
`3Lγ
µLiV †Li
)(
EjγµE
j
)
τ → `′``
O`S1
(
`3LE
j
) (
Ej`3L
)
— (flav. cons. leptonic curr.)
O`S2
(
`3LE
j
)(
EjL
iV †Li
)
τ → `′``
O`T1
(
`3LσµνE
j
) (
Ejσ
µν`3L
)
— (flav. cons. leptonic curr.)
O`T2
(
`3LσµνE
j
)(
Ejσ
µνLiV †Li
)
τ → `′``
Table 6.4: Four-lepton operators
B → D(∗)τντ
The effective Lagrangian relevant to semi-leptonic b→ c decays with τ leptons in the final state
is
L(b→ cτντ ) = −
4GF√
2
Vcb
[(
1 + 2Cq02 + 2VQsC
q
12
Vcs
Vcb
)
(cLγ
µbL)(τLγµντ )
+
(
CqS1 + VQsC
q
S2
Vcs
Vcb
)
(cLbR)(τRντL)
]
.
(6.12)
Contrary to the light lepton case, in the τ channel also the scalar operators OqS1(2) do appear
and the decay amplitudes (and corresponding differential decay widths) cannot be expressed as
a simple re-scaling of the SM ones.
Expanding to first order in the NP contributions, the B → D(∗)τντ differential decay widths
can be decomposed as
dΓ
dq2
(B → D(∗)τντ ) = (1 + 2∆)
dΓ
dq2
(B → D(∗)τντ )SM + ∆ S
dΓ
dq2
(B → D(∗)τντ ) VS +O(C2i ) ,
(6.13)
with
∆ = 2 Re
(
Cq02 + 2VQsC
q
12
Vcs
Vcb
)
, ∆S = Re
(
CqS1 + VQsC
q
S2
Vcs
Vcb
)
. (6.14)
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Figure 6.1: Parameter space allowed by the constraint on B(B → Dτντ ) and B(B → D∗τντ ).
The bands denotes 1 and 2σ limits (the Ci are assumed to be real).
Following Ref. [62], the two SM differential decay distribution can be written as4
dΓ
dq2
(B → Dτντ )SM =
G2F
√
λ|Vcb|2
(
m2τ − q2
)2
384pi3m3Bq
6
[
3f20 (q
2)m2τ
(
m2B −m2D
)2
+ f2+λ
(
m2τ + 2q
2
)]
,
(6.15)
dΓ
dq2
(B → D∗τντ )SM =
G2F
√
λ|Vcb|2
(
m2τ − q2
)2
384pi3mBq
6
[
F 20 m
2
B
(
m2τ + 2q
2
)
+q2
(
F 2⊥ + F
2
‖
)(
m2τ + 2q
2
)
+ 3F 2t m
2
B m
2
τ
]
. (6.16)
The non-standard term dΓ
dq
2 (B → D(∗)τντ )VS arise from the interference between the left-handed
and the scalar operators. Its explicit expression in the D and D∗ case is
dΓ
dq2
(B → Dτντ )VS =
f20G
2
F
√
λ mτ |Vcb|2
(
m2B −m2D
)2 (
m2τ − q2
)2
64pi3m3Bq
4(mb −mc)
, (6.17)
dΓ
dq2
(B → D∗τντ )VS =
F 2t G
2
F
√
λ mB mτ |Vcb|2
(
m2τ − q2
)2
64pi3q4(mb +mc)
. (6.18)
In principle, the best discrimination between scalar and left-handed contributions could be
obtained by differential measurements of the two spectra, using the above formulae. So far these
measurements are not available; however, a useful information can be derived also comparing the
partial widths of two modes. The parameter space allowed by the experimental constraints [38]
on B(B → Dτντ ) and B(B → D∗τντ ) is shown in figure 6.1. As can be seen, the constraint
on the scalar terms is quite weak. Still, it is interesting to note that present data are perfectly
compatible with the absence of scalar terms, while pointing toward a non-negligible modification
of the coefficient of the left-handed operator. As noted in Ref. [145], a significant improvement
vs. the SM predictions can be obtained also with tensor operators, although with tensor operators
4
See appendix C for the definition of the form factors
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Figure 6.2: Parameter space allowed by the combination of the constraints given by the ratios RD
(blue region) and RD∗ (dashed region) in the hypothesis of negligible scalar current contributions.
The horizontal band denotes the constraint from B(B → Dµν`).
only the overall fit of B(B → Dτντ ) and B(B → D∗τντ ) data is clearly worse. For the sake of
simplicity, and motivated by a large class of explicit NP constructions, in the following we will
assume negligible NP effects in tensor operators.
As anticipated in the Introduction, the ratios R
τ/µ
D
(∗) play a crucial role in our analysis. Neglecting
scalar terms, as suggested by figure 6.1, the parameter space allowed by these two ratios can
easily be derived from eqs. (6.10) – (6.13) and is shown in figure 6.2. If we further take in
account the bound in eq. (6.11), we deduce the following simple relation
Re
(
Cq02 + VQ2C
q
12
Vcs
Vcb
)
=
1
4
[
R
τ/µ
D
(∗) − 1
]
, (6.19)
where we define
R
τ/`
D
(∗) =
B(B → D(∗)τν) exp/B(B → D(∗)τν)SM
B(B → D(∗)`ν) exp/B(B → D(∗)`ν) SM
. (6.20)
If we combine the data from RD and RD∗ , we obtain to the following limit
Re
(
Cq02 + VQ2C
q
12
Vcs
Vcb
)
= 0.060± 0.015 . (6.21)
6.3.2 Semi-leptonic s→ u transitions
The semi-leptonic operators listed in table 6.2 generate also contributions to s → u transitions
with τ and light leptons. The relevant effective Lagrangians, taking into account also the SM
contributions, are
L(s→ uτν) = −4GF√
2
Vus
(
1 + 2Cq06 + 2C
q
12VQs
Vub
Vus
)
(uLγµsL)(τLγ
µντL) , (6.22)
L(s→ uµν) = −4GF√
2
Vus
(
1 + 2Cq08 + 2C
q
14VQs
Vub
Vus
)
(uLγµsL)(µLγ
µνµL) . (6.23)
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A particularly interesting observable to constrain the NP terms in these Lagrangians is the ratio
B(τ → Kντ )/B(K → µνµ), where the theoretical uncertainties on CKM elements and Kaon
decay constant cancel out. Using the experimental results in [146] and the SM input in [147] we
find
R
τ/µ
sd =
B(K → µνµ)exp/B(K → µνµ)SM
B(τ → Kντ )exp/B(τ → Kντ )SM
= 1.029± 0.015 , (6.24)
which allows us to obtain the following bound
Re
[
Cq08 − Cq06 + (Cq14 − Cq12)VQs
Vub
Vus
]
= 0.007± 0.004 . (6.25)
It is worth to stress that R
τ/µ
sd or, equivalently, the comparison of the |Vus| determination from
τ vs. K decays is nothing but a test of LFU. Interestingly enough, present data exhibits a small
tension with the SM prediction also in this case.
6.3.3 ∆F = 2 processes
According to the operators in table 6.1, the effective Lagrangian relevant to ∆F = 2 processes
is
LNP∆F=2 = −
4GF√
2
(Cqq01 + C
qq
02) (V
∗
Qi
)2
[(
bLγ
µdiL
)2
+
(
V ∗kiVj3
)2 (
ujLγ
µukL
)2]
. (6.26)
Since the structure of the effective operators is the same as in the SM, we can conveniently
encode all the NP effects via the ratios
R∆F=2Bq =
A (Bq → Bq)SM+NP
A (Bq → Bq)SM and R∆F=2D = A(D
0 → D0)SM+NP
A(D0 → D0)SM
. (6.27)
In the B-physics case we find
R∆F=2Bq = 1 +
(Cqq01 + C
qq
02)
RloopSM
(
V ∗Qq
V ∗tbVtq
)2
, (6.28)
where5
RloopSM =
αem
16pis2w
S0(xt)ηB ≈ 1.6× 10−3 . (6.29)
Given the flavour structure of VQi , we get very similar bounds from Bd and Bs mixing, while
the bound from D0 is weaker. In particular, from the constraint RBs ∈ (0.86, 1.26) [148] we
derive the bound
|VQd |
2|Cqq01 + Cqq02 | < 6.7× 10−7 . (6.30)
6.3.4 FCNC b→ s transitions
B → K(∗)µµ
The Lagrangian that encodes FCNC b→ s transition for the light lepton channels is
L(b→ s``) = −2GF√
2
αe
2pi
V ∗tsVtb [(C9 + ∆C9)O9 + (C10 + ∆C10)O10] , (6.31)
where O9 and O10 are defined in eq. (C.12) of appendix C.2, and the shifts of C9 and C10 in
term of the NP Wilson coefficients have the following form:
∆C9 =
2pi(Cq13 + C
q
14 + C
q
R5)VQs
αeV
∗
tsVtb
, ∆C10 =−
2pi(Cq13 + C
q
14 − CqR5)VQs
αeV
∗
tsVtb
. (6.32)
5
For analytic and numerical values of S0(xt) ans ηB we refer to Ref. [13].
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Inverting the relations above, we obtain an expression for the two combination of Wilson coeffi-
cients that appear in these channels as a function of the shifts ∆C9 and ∆C10. These shifts have
been constrained in Ref. [49, 51, 96] from global fits of various b→ sµµ observables (dominated
by B → K∗µµ and B → Kµµ data). Considering in particular the results in [49], namely
∆C9 = −1.05± 0.35 and ∆C10 = 0.3± 0.4, we find
Re
[
(Cq13 + C
q
14 + C
q
R5)VQs
]
= (−4.9± 1.7)× 10−5 , (6.33)
Re
[
(Cq13 + C
q
14 − CqR5)VQs
]
= (1.4± 1.9)× 10−5 . (6.34)
B → K(∗)ττ
In principle, b → sττ transitions would be excellent probes of our EFT construction. How-
ever, the current experimental bounds [149] are too weak to draw significant constraints. For
completeness, and in view of future data, we report here the relevant formulae.
The relevant effective Lagrangian can be expressed as
L(b→ sττ) = −2GF√
2
αe
2pi
V ∗tsVtb
[
(C9 + ∆C
τ
9 )O9 + (C10 + ∆Cτ10)O10 + CτS(OS −OP )
]
,(6.35)
where the operators O9, O10, OS and OP are defined in eq. (C.12) with the identification ` = τ .
In terms of the Wilson coefficients of the operators in tables 6.2–6.3, the NP contributions are
given by
∆Cτ9(10) =±
2pi(Cq11 + C
q
12 ± CqR2)VQs
αeV
∗
tsVtb
, CτS =
2piCqS2VQs
αeV
∗
tsVtb
. (6.36)
B → K(∗)νν
From the operators in table 6.2 we get the following Lagrangian for b→ sνν transitions
L(b→ sνν) = −2GF√
2
αe
2pi
V ∗tsVtb
∑
`=e,µ
(Cν + ∆Cν`)Oν` + (Cν + ∆Cντ )Oντ
 (6.37)
where the operators Oν` and Oντ are defined starting from those in eq. (C.12) as
Oν`(ντ ) = O9 −O10|`=ν`(ντ ) . (6.38)
The shifts of the Wilson coefficients due to NP effects are
∆Cν` =
2piVQs(C
q
13 − Cq14)
αeV
∗
tsVtb
, ∆Cντ =
2piVQs(C
q
11 − Cq12)
αeV
∗
tsVtb
. (6.39)
Since the Lagrangian in eq. (6.37) has a SM-like structure, the differential decay widths for
B → K(∗)νν decays can be expressed as
dΓ
dq2
(B → K(∗)νν) = dΓ
dq2
(B → K(∗)νν)SM
(
2
3
∣∣∣∣1 + ∆Cν`Cν
∣∣∣∣2 + 13
∣∣∣∣1 + ∆CντCν
∣∣∣∣2
)
. (6.40)
In the case, the SM spectrum can be be read from eq. (C.19) setting C9 = −C10 = Cν , CS =0
and m` = 0. Using the SM Cν = −6.35 [150] and the hadronic form factors in [22], from the
experimental bound in [146] we obtain
0 < Re
(
∆Cντ
Cν
)
< 2.17 , (6.41)
in the limit |∆Cν` |  |∆Cντ |. This implies in turn
Re
[
VQs(C
q
11 − Cq12)
]
< 6.69× 10−4 . (6.42)
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6.3.5 Leptonic τ decays
τ → `νν
The effective Lagrangian generating τ → µνν decay amplitudes at the tree level is
L(τ → µνν) = −4GF√
2
{(1 + 2C`04)(ντLγ
λτL)(µLγλνµL) + VLµ [(3C
`
12 − C`11)(ντLγ
λτL)(µLγλντL)
+(3C`14 − C`13)(νµLγ
λτL)(µLγλνµL) + (C
`
14 − C`13)(νeLγ
λτL)(µLγλνeL)]}.
(6.43)
Since the interacting structure is the same occurring within the SM, the decay width can be
simply written as
Γ(τ → µνν) = ΓSM(τ → µντνµ)×
∣∣∣1 + 2C`04∣∣∣2 , (6.44)
where ΓSM(τ → µντνµ) is given in [147]. We can now consider the observable Rτ/`τ , defined as
R
τ/`1,2
τ =
B(τ → `2,1νν)exp/B(τ → `2,1νν)SM
B(µ→ eνν)exp/B(µ→ eνν)SM
, (6.45)
whose value can be extracted from [38]:
Rτ/µτ = 1.0020± 0.0030 , Rτ/eτ = 1.0058± 0.0030 . (6.46)
This allows us to constrain with very good precision Re(C`04).
Given the strength of these constraints (that affect a combination of Ci not parametrically
suppressed by spurions), in this case it is necessary to take into account also the effect of radiative
corrections [144]. The latter are identical for SM and NP amplitudes below the electroweak scale,
i.e. they factorise in Eq. (6.44). This implies that we can directly translate the experimental
bounds (6.46) into a constraint on Re(C`04) renormalised at the electroweak scale:
Re
[
C`04 (MW )
]
= (5± 7)× 10−4 . (6.47)
On the contrary, radiative corrections are different for SM and NP amplitudes above the elec-
troweak scale. In particular, a sizeable contribution to τ → µντνµ is generated by the semi-
leptonic operators contributing to R
D
(∗) . To a first approximation, this effect can be taken into
account by the leading contribution to the RG evolution of C`04 [144]
C`04 (MW ) = C
`
04 (Λ) +
3y2t
8pi2
|Vtb|2
[
Cq02 (Λ) + VQC
q
12 (Λ)
]× [log(Λ2
m2t
)
+
1
2
]
. (6.48)
Using this result, and setting Λ ≈ 1 TeV, the constrain in eq. (6.21) becomes
Re
[
C`04(Λ)
]
= − (0.79± 0.09τ ± 0.2RD)× 10−2 , (6.49)
where we have explicitly separated the small error due to eq. (6.47) and the sizable error due to
the input value of Cq02(Λ) or, equivalently, due to RD(∗) . The fact that we need a non-vanishing
value for C`04(Λ) in order to cancel the large NP contribution generated by C
q
02(Λ) necessarily
signals a fine tuning in the EFT. The minimum amount of this fine-tuning is ≈ 10%, that is
what we deduce comparing the central value of C`04(Λ) with the error determined by eq. (6.47).
The fine-tuning would increase if the central value of C`04(Λ) were not natural. However, this
can be avoided with the power-counting scheme that we will introduce in section 6.4.1.
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τ → ```′
The purely leptonic LFV decays τ → ```′, which are highly suppressed in the SM, arises naturally
in our framework due to the operators O`13 and O`14 in table 6.4. The corresponding effective
Lagrangian is:
L(τ → `i``) = −4GF√
2
[
(C`13 + C
`
14)V
i
L(`
i
LγµτL)(`Lγ
µ`L) + C
`
R2V
i
L(`
i
LγµτL)(`jRγ
µ`R)
+ C`T2V
i
L(`RσµντL)(`
i
Lσ
µν`R)
]
.
(6.50)
In the τ → µee case we get
Γ(τ → µee) =
(
|C`13 + C`14|2 + |C`R2|2 + |C`T2|2
)
|VL|2Γ˜(τ → µee) , (6.51)
where Γ˜(τ → µee) = Γ(τ → µνν) in the limit me → 0. From the experimental bound B(τ →
eeµ)exp < 1.8× 10−8 [146] we obtain
|VL|
√(
|C`13 + C`14|2 + |C`R2|2 + |C`T2|2
)
< 3.2× 10−4 . (6.52)
An almost identical bound is obtained from B(τ → 3µ)exp < 2.1× 10−8.
6.3.6 Semi-leptonic LFV transitions
B → τµ
The leading contributions to the semi-leptonic LFV b → dτµ transitions can be computed in
terms of the following effective Lagrangian
LNP(b→ dτµ) = −4GF√
2
(Cq31 + C
q
32)VQdVL(dLγ
µbL)(τLγµµL) , (6.53)
that in the B → τµ case leads to
Γ (B → τµ) = (Cq31 + Cq32)2
∣∣VQ∣∣2 |VL|2 G2F f2B
√
λ(m2B +m
2
τ +m
2
µ)
8pim3B
[
m2B
(
m2τ +m
2
µ
)
−
(
m2τ −m2µ
)2]
.
(6.54)
Using fB = (207
+17
−9 ) MeV [151] and the current experimental bound B(B → τµ) < 2.2 ×
10−5 [146] we obtain
|Cq31 + Cq32||VLVQd | < 1.8× 10
−3 . (6.55)
τ → µω and τ → µρ
Semi-leptonic LFV transitions can occur in τ decays via the following effective Lagrangian
L (τ → µV ) = −4GF√
2
VL
[
(Cq23 − Cq24) (uLγµuL) + (Cq23 + Cq24)
(
dLγ
µdL
)] (
τLγµµL
)
. (6.56)
The two most interesting cases are V = ρ and V = ω, which allow us to constrain separately
the Wilson coefficients Cq23 and C
q
24. The decay widths of these two processes are:
Γ (τ → µρ) = G
2
F
8pi
|Cq24|2|VL|2f2ρ
√
λ(m2τ ,m
2
ρ,m
2
µ)
m3τ
[
(m2τ −m2µ)2 +m2ρ(m2τ +m2µ − 2m2ρ)
]
,
Γ (τ → µω) = G
2
F
8pi
|Cq23|2|VL|2f2ω
√
λ(m2τ ,m
2
ω,m
2
µ)
m3τ
[
(m2τ −m2µ)2 +m2ω(m2τ +m2µ − 2m2ω)
]
.
(6.57)
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Using the decay constant for both ω and ρ mesons in [152] and the experimental bounds in [146]
we get the following limits
|Cq24||VL| < 1.4× 10−4 from B(τ → µρ) < 1.8× 10−8 , (6.58)
|Cq23||VL| < 3.2× 10−4 from B(τ → µω) < 4.7× 10−8 . (6.59)
Υ→ τµ and ηb → τµ
As listed in tables 6.2–6.3, in principle LFV decays of bb bound states are also possible. The
Lagrangian relevant to these processes is
L(b→ bτµ) = −4GF√
2
VL
[
(Cq21 + C
q
22)
(
bLγ
µbL
) (
τLγµµL
)
+ CqS3(bLbR)(τRµL)
]
. (6.60)
In the Υ→ τµ case we find
Γ (Υ→ τµ) = G
2
F
24pi
|Cq21+Cq22|2|VL|2f2Υ
√
λ(m2Υ,m
2
τ ,m
2
µ)
m3Υ
[
2m4Υ −m2Υ(m2τ +m2µ)− (m2τ −m2µ)2
]
.
(6.61)
From the experimental bound B(Υ→ τµ) < 6× 10−6 [146], using fΥ = (684.4± 4.6) MeV [152],
we get
|Cq21 + Cq22||VL| < 0.52 . (6.62)
The bound in eq. (6.62) is significantly weaker than all LFV bounds discussed so far, despite
the stringent experimental limit on B(Υ → τµ). This is trivial consequence of the fact that,
contrary to τ and B mesons, the Υ does not decay via weak interactions. It is then easy to
verify that the constraints following from the O(1%) experimental bound on B(ηb → µµ) are
irrelevant.
6.4 Consistency of the EFT construction
6.4.1 Power-counting scheme
We are now ready to discuss the consistency of the EFT construction for the leading four-
fermion operators listed in section 6.2. The constraints on the Wilson coefficients obtained by
comparison with data, as discussed in section 7.4, are summarised in table 6.5. Assuming a
non-vanishing value for the combination of Ci contributing to RD(∗) , the construction can be
considered consistent if we are able to justify, via appropriate re-scaling of the fields (motivated
by dynamical assumptions), the strong suppression of all the other terms in table 6.5.
Inspired by the explicit dynamical models proposed in the literature, we assume a generic frame-
work where the NP sector is coupled preferentially to third generation SM fermions (i.e. the
Gflavour singlets), while the coupling to the light SM fermions are suppressed by small mixing
angles (as suggested e.g. in [58, 117]). As a result of this hypothesis, we re-scale the light SM
fermion fields as following
QiL → qLQiL , Li → `LLi , EiR → `RER , (6.63)
every time these fields appear in bilinear combinations without spurions. Furthermore, given
the underlying dynamics is potentially different in quark and lepton sectors, we introduce the
flavour-blind re-scaling factor rq`, which allow us to enhance (suppress) the relative weight of
leptonic (four-quark) operators vs. semi-leptonic ones. Finally, as far as the size of the spurions
are concerned, we perform the following re-scaling:
|VQ| → ′q|Vts| |VL| → ′` . (6.64)
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Process Combination Constraint
Parametric Order of
scaling magnitude
R
D
(∗) Re
(
Cq02 + VQsC
q
12
Vcs
Vcb
)
0.060± 0.015 1 10−1
B → Dµνµ Re
(
Cq04 + VQsC
q
14
Vcs
Vcb
)
−(0.8± 2.5)× 10−2
(
`L
)2
10−2
τ → µνν Re
(
C`04
)
−(7.9± 2.2)× 10−3
(
`L
)2
rq` 10
−2 rq`
R
τ/µ
sd
Re
[
Cq08 − Cq06+
(Cq14 − Cq12)|VQsVub/Vus|
] (0.7± 0.4)× 10−2 (qL)2 ≤ 10−2
τ → µee
τ → 3µ
|VL| ×
(|C`13 + C`14|2+
+C`R2|2 + |C`T2|2
)1/2 ≤ 3.2× 10−4 ′` (`L,R)2 rq` 10−3 ( ′`0.1) rq`
τ → ρµ |Cq24||VL| ≤ 1.4× 10−4 ′`(qL)2 ≤ 10−3
(

′
`
0.1
)
τ → ωµ |Cq23||VL| ≤ 3.2× 10−4 ′`(qL)2 ≤ 10−3
(

′
`
0.1
)
B → Kνν Re(Cq11 − Cq12) < −1.6× 10−2 ′q 10−2
(

′
q
0.1
)
B0 −B0 |Cqq01 + Cqq02 | ≤ 0.42× 10−3
(
′q
)2
r−1q` 10
−3
(

′
q
0.1
)2
r−1q`
B → K(∗)µµ
Re (Cq13 + C
q
14) −(0.8± 0.3)× 10−3 ′q
(
`L
)2
10−3
(

′
q
0.1
)
Re
(
CqR5
) −(0.4± 0.3)× 10−3 ′q (`R)2
Bd → τµ |Cq31 + Cq32| ≤ 4.5× 10−2 ′q′` 10−3
(

′
q
′
`
10
−2
)
Table 6.5: Most relevant constraints on the Wilson coefficients, as obtained in section 7.4. In the
last two columns we report the parametric scaling of the (leading) Wilson coefficients, according
to the rules defined in section 6.4.1, and the order of magnitude following from the overall EFT
scale and the choice of the i reported in Eqs. (6.65)–(6.66).
As discussed in section 6.2, in absence of a specific alignment of the U(2)q singlets to left-handed
bottom or top quarks, we expect |VQ| = O(|Vts|). The parameter ′q is thus a measure of the
tuning in the (quark) flavour space. On the contrary, VL parametrises the unknown size of the
spurion in the lepton sector.
By construction, the only combination in table 6.5 without i suppression is the one contributing
to R
D
(∗) . This allows us to determine the overall scale of the EFT. From the central value of
the R
D
(∗) anomaly we deduce
Λ ≈ (0.06)−1/2vF ≈ 700 GeV (6.65)
or a natural size of O(10−1) for the Ci in absence of i factors.
A non-vanishing NP contribution to R
D
(∗) necessarily implies a non-vanishing value for C
`
04(Λ)
to cancel NP contributions in τ → µνν. As discussed in Section 6.3.5, this fact necessarily
implies a fine-tuning of at least 10%, obtained by comparing error and central value of C`04(Λ).
This fine-tuning does not increase if the central value of C`04(Λ) is natural, that is what we
obtain setting
(
`L
)2
rq` = O(10
−1). More generally, we find that all entries in table 6.5 have
the correct order of magnitude for the following choice of parameters
`L ≈ 0.3 , qL ≤ 0.3 , ′` ≤ 0.1 , (6.66)
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and
′q ≈ 0.1 , rq` = O(1) . (6.67)
Using these reference values we determine the numerical scaling reported in the last column of
table 6.5. Setting ′` = 0.1, that is the preferred value for a natural solution of the RK anomaly
(see section 6.4.3), a residual fine-tuning appears in the operators contributing to LFV τ decays;
however, this tuning is less severe that the one occurring in C`04 and the experimental bounds
can easily be satisfied setting a slightly smaller value for qL.
A second significant source of tuning is the one implied by the smallness of ′q, that is a necessary
consequence of both ∆F = 2 and b → s FCNC constraints. Given the different parametric
dependence of these constraints from qL and rq`, is not possible to obtain a good fit to all data
for larger values of ′q. This implies that the EFT requires a non-negligible tuning in flavour
space, namely a O(10%) alignment of the U(2)q singlets to left-handed bottom quarks.
We finally address the issue of the stability of this modified power counting scheme under
radiative corrections. Being not associated to spurions of the flavour symmetry, the value of `L
and qL cannot be arbitrarily small. Indeed, even if we do not introduce operators with light
quarks at the heavy scale Λ, these are radiatively generated at lower scales (as pointed out in
Ref. [144]). On general grounds, for Λ ∼ 1 TeV, we expect the construction to be radiatively
stable if (

q(`)
L
)2
>
NC
16pi2
log(Λ2/m2t ) ≈ 7% . (6.68)
We have explicitly verified that, adopting the numerical values in eq. (6.66), loop contributions
compete with initial conditions only in the case of C`04, while they are numerically subleading
for the other combinations of Wilson coefficients in table 6.5.
6.4.2 Constraints from direct searches
Given the low value of the effective scale in eq. (6.65), a relevant question to address is the
compatibility of this EFT construction with the absence of NP signals from high-pT searches of
resonances decaying into a ττ pair [143].
Let us fist consider the problem from a pure EFT point of view. In this case, the bounds from
σ(pp→ ττ +X) can be expressed as bounds on the (un-suppressed) operator
∆Lbbττ = −
1
Λ
(
bLγµbL
) (
τLγµτL
)
. (6.69)
According to the analysis of [143], where a recasting different ATLAS searches for τ+τ− res-
onances has been performed, the present bound on the effective scale of this operator is Λ >
0.62 TeV. Since this value is slightly below the value in eq. (6.65), it indicates that the NP
construction we are considering is not trivially excluded by direct searches (although it should
soon manifest itself with non-standard signals at high energies).
On the other hand, we stress that a na¨ıve application of the EFT to analyse high-pT con-
straints is highly questionable. Indeed at LHC energies the possible mediators responsible for
the effective interaction in eq. (6.69) can be produced on-shell, with a significant change in the
signal/background ratio depending on the specific mediator involved (such as color-less vectors
or leptoquarks) and, most important, depending on the width of such mediator. This fact has
already been noted in Ref. [58, 143], where the connections between low- and high-energy data,
for models addressing the B−physics anomalies, have been analysed employing specific simpli-
fied models. According to the detailed analysis of Ref. [143], present bounds on pp→ ττ +X do
not rule out UV completions for the EFT we are considering, provided the corresponding TeV
mediators have sufficiently large decay widths, as expected in strongly interacting theories. The
only case that it is in clear tension with pp→ ττ +X data is the case of narrow (Γ/M < 10%)
color-less vector mediators (i.e. Z ′ and W ′).
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6.4.3 Processes starting at O(|VL|2)
So far we restricted the attention to processes with at most one VL spurion. A complete analysis
of all the operators appearing at O(|VL|2) is beyond the scope of our analysis. However, there are
two interesting LFU ratios receiving leading contributions at O(|VL|2) that is worth to analyse
to further tests the consistency of the EFT: R
K
(∗) , and a similar µ/e ratio in τ → `νν decays.
The LFU ratio R
K
(∗)
The O(|VL|2) operators generating a breaking of LFU at the tree-level in b → s`` decays have
the form
Oq−213 =
(
q3Lγ
µQiV †Qi
)(
VLjLjγµL
iV †Li
)
, (6.70)
Oq−214 =
(
q3Lσ
aγµQiV †Qi
)(
VLjLjσaγµL
iV †Li
)
. (6.71)
Using the notations of section 6.3.4, these would generate the following non-universal shift in
the ` = µ case
∆Cµ9 = −∆Cµ10 =
|VQ|
[(
Cq−213
)
µ
+
(
Cq−214
)
µ
]
α
2pi |V ∗tsVtb|
=
(
0.8× 103
)
×O
[
′q(
′
`)
2
]
, (6.72)
where on the r.h.s. we have indicated the parametric scaling as defined in the previous Section.
The central value of RexpK can be obtained for ∆C
µ
9 = −∆Cµ10 ≈ −1.0 [49]. As can be seen, this
value can naturally be obtained for ′q ≈ ′` ≈ 0.1, i.e. in absence of further fine-tuning compared
to what determined from the leading operators.
LFU violations in τ → `νν decays
At O(|VL|2) one can generate a violation of µ/e universality in τ → `νν, which is experimentally
strongly constrained. The relevant operator is
O`−204 =
(
`3Lσ
aγµ`3L
) (
VLjLjσaγµL
iV †Li
)
, (6.73)
that leads to
Γ(τ → µνν)
Γ(τ → eνν) =
[
Γ(τ → µνν)
Γ(τ → eνν)
]
SM
×
∣∣∣1 + 2C`−204 |VL|2∣∣∣2 . (6.74)
Using Γ(τ → µνν)exp/Γ(τ → eνν)exp = 0.9762 ± 0.0028 and Γ(τ → µνν)SM/Γ(τ → eνν)SM =
0.9726 we find
Re
(
C`−204 |VL|2
)
= (0.95± 0.70)× 10−3 , (6.75)
which is perfectly consistent with the power-counting expectation Re
(
C`−204 |VL|2
)
= 10−3 ob-
tained for ′` ≈ 0.1.
6.4.4 Upper bound on |VL1/VL2|
We conclude this Section with a na¨ıve estimate of the maximal value of |VL1/VL2 | (or the electron
component of the lepton spurion), which can be regarded as a tuning in the lepton-flavour space
of the EFT. Assuming |VL| = ′` = O(0.1), as required to explain the RK(∗) anomaly, the|VL1/VL2 | ratio is strongly bounded by µ → e LFV processes. Employing the power-counting
scheme defined in section 6.4.1, the bounds dictated by the present experimental bounds on
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µ → e conversion in Nuclei and B(µ → 3e) turn out to be very similar. Focusing on the latter,
the power-counting scheme implies
A(µ→ 3e) ∝ (′`)2(`L)2
(
VL1
VL2
)2
. (6.76)
Taking into account also the overall-suppression scale we get
B(µ→ 3e) ≈ 10−8 ×
(
′`
10−1
)4(
`L
0.3
)4 ∣∣∣∣VL1VL2
∣∣∣∣2 < 1.0× 10−12 , (6.77)
where the last inequality corresponds to the present experimental constraint [146]. As can be
seen, for |VL1/VL2 | < 0.01 the experimental bound is satisfied. This ratio is significantly smaller
than the corresponding |VQd/VQs | ratio in the quark sector, but it is not unnatural given the
observed hierarchies in the charged lepton mass matrix (me/mµ ≈ 5× 10−3).
6.5 Conclusions
In this chapter we have analysed the consistency of the R
D
(∗) and R
K
(∗) anomalies with all
available low-energy observables, in the context of an EFT based on the U(2)q × U(2)` × GR
flavour symmetry defined in eq. (6.1). The R
D
(∗) anomaly, if interpreted as a signal of NP,
necessarily points toward a low effective scale for the EFT, slightly below 1 TeV. As a result,
despite the MFV-like protection implied by the flavour symmetry, the latter is not enough
to guarantee a natural consistency of the EFT with the tight constraints from various low-
energy processes (most notably precision measurements in B and τ physics). However, as
we have shown, a consistent picture for all low-energy observables can be obtained under the
additional dynamical assumption that the NP sector is coupled preferentially to third generation
SM fermions (or the singlets of the flavour symmetry).
In the EFT context, this dynamical assumptions can be realised in general terms via the rescaling
of fields (and operators) that we have identified in section 6.4.1. This rescaling of the field leads
to a modified power counting, and the resulting EFT turns out to be rather coherent. Still
some tuning of the EFT parameters is necessary in order to satisfy constraints from processes
involving light quarks and leptons. More precisely, we have identified two main sources of tuning,
both quantifiable around the 10% level. The first one is an alignment in (quark) flavour space:
the flavour singlets need to be closely aligned to left-handed bottom quarks in order to satisfy
the constraints from Bs(d) mixing. The second one is a O(10%) cancellation of two independent
terms in order to justify the absence of NP effects in B(τ → µνν). Modulo these two tunings,
the EFT allows us to accommodate non-vanishing NP contributions to R
D
(∗) and R
K
(∗) at the
level of present anomalies, and contributions to the other observables below (or within) current
uncertainties for natural values of the other free parameters, as summarised in table 6.5.
The analysis of all existing bounds presented in section 6.4 can also be used to identify which are
the most promising observables to obtain further evidences of NP in this framework. In addition
to the model-independent confirmation of the anomalies in other B decays (both charged and
netural-current transitions), the EFT construction has allowed us to identify there particularly
interesting sets of observables in τ decays.
I. LFV τ decays. The branching ratios of both purely leptonic and semi-leptonic LFV τ
decays can easily exceed the 10−9 level.
II. Precision measurements of B(τ → `νν). Violations of µ/e universality and, more generally,
deviations from the SM predictions in B(τ → `νν) are expected at the few per-mil level.
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III. The determination of |Vus| from τ decays. Due to the breaking of LFU, the |Vus| determi-
nation from τ vs. K decays can differ at the 1% level.
While the first two categories have already been widely discussed in the literature (see e.g.
Ref. [58, 144]), the last one has been identified for the first time by the present analysis. In
all these cases NP effects are expected just below current experimental sensitivities. Improved
measurements of these observables could therefore provide a very valuable tool to provide further
evidences or to falsify this framework in the near future.
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Chapter 7
Probing Lepton Flavour Universality with
K → piνν decays
7.1 Introduction
The pattern of deviations from the SM presented in section 2.4 have triggered a series of the-
oretical speculations about possible NP interpretations. In particular, attempts to provide a
combined/coherent explanation for both charged- and neutral-current anomalies have been pre-
sented in Ref. [57–59,125,127,128,133,134,136–140,142,153,154]. One of the puzzling aspects of
present anomalies is that they have been seen only in semileptonic B decays and are quite large
compared to the corresponding SM amplitudes. On the contrary, no evidences of deviations from
the SM have been seen so far in the precise (per-mil) tests of LFU performed in semileptonic K
and pi decays, in purely leptonic τ decays, and in electroweak precision observables. The most
natural assumption to address this apparent paradox is the hypothesis that the NP responsible
for the breaking of LFU is coupled mainly to the third generation of quarks and leptons, with
some small (but non-negligible) mixing with the light generations [58, 117, 153]. Within this
paradigm, a motivated class of models are those based on a U(2)q × U(2)` flavour symmetry
acting on the light generations of SM fermions [11,141], that turns out to be quite successful in
addressing these anomalies while satisfying all existing bounds [153].
If NP is coupled mainly to third generation fermions, it is very difficult to detect it in K
decays, which necessarily imply a transition among light quarks and, in most cases, also imply
light leptons in the final states. The only exception in this respect is provided by K → piνν
decays, which involve third-generation leptons in the final state – the τ neutrinos. As we will
show in the following, this fact implies that K → piνν decays are a very sensitive probe of the
most motivated models addressing the hints of LFU violations in B physics, as already pointed
out in Ref. [125, 155] in specific models. On the one hand, B(K → piνν) could exhibit O(1)
deviations from the SM predictions in a large area of the parameter space of such models. On
the other hand, even in absence of large deviations, improved measurements (or constraints) on
B(K → piνν) would provide a very valuable model-building information.
The chapter is organised as follows: in section 7.2 we briefly review the main formulae to evaluate
B(K → piνν) within and beyond the SM. In section 7.3 we discuss the Effective Field Theory
(EFT) approach to LFU violations based on the U(2)q × U(2)` flavour symmetry and, in that
framework, we analyse the possible impact on K → piνν decays. In section 7.4 we focus in
particular on the expected correlations between K → piνν, the R
D
(∗) anomaly, and B → K(∗)νν,
which turn out to be closely related observables (impact and constraints from other observables
are briefly mentioned at the end of the section). The results are summarised in the Conclusions.
7.2 The K → piνν decays
Here we briefly summarise the main steps to predict B(K+ → pi+νν) and B(KL → pi0νν) within
and beyond the SM, taking into account possible violations of LFU. The effective Lagrangian
describing short-distance FCNC interactions of the type diL → djLνν is
Leff =
4GF√
2
α
2pi
V ∗tiVtjCij,`
(
d
i
Lγµd
j
L
)
(ν`γ
µν`) , (7.1)
where α is the fine-structure constant, and Vij are the elements of the CKM matrix. For
sL → dLν`ν`, the Wilson coefficient in the SM reads
CSMsd,` = −
1
s2w
(
Xt +
V ∗csVcd
V ∗tsVtd
X`c
)
, (7.2)
where Xt and X
`
c are the loop functions for the top and charm contributions, respectively, and
sw is the sine of the weak mixing angle.
The branching ratio for K+ → pi+νν in the SM, summing over the three neutrino species, can
be written as [156]
B(K+ → pi+νν)SM =
κ+(1 + ∆em)
3
∑
`=e,µ,τ
∣∣∣∣∣V ∗tsVtdλ5 Xt + V
∗
csVcd
λ
(
X`c
λ4
+ δP `c
)∣∣∣∣∣
2
, (7.3)
where λ is the Cabibbo angle, κ+ = (5.173 ± 0.025) × 10−11(λ/0.225)8, ∆em = −0.003 is a
QED correction [157], and δP `c,u ≈ 0.04 ± 0.02 is the long-distance contribution from light
quark loops [158]. The numerical value of the loop functions are Xt = 1.481 ± 0.009 and
Pc =
1
3
∑
`X
`
c/λ
4 = 0.365± 0.012 [159].1
Within the SM the CP-violating decay KL → pi0νν is lepton-flavour universal. However, in
order to take into account possible violation of LFU beyond the SM, we can conveniently write
its branching ratio as
B(KL → pi0νν)SM =
κL
3
∑
`=e,µ,τ
Im
(
V ∗tsVtd
λ5
Xt
)2
, (7.4)
where κL = (2.231± 0.013)× 10−10(λ/0.225)8.
In the class of NP models we will consider, the short-distance contributions to K → piνν
amplitudes are still left-handed but lepton flavour non-universal. The general expressions for
the branching ratios in presence of such non-standard contributions can simply be obtained
replacing the function Xt in eq. (7.3) and eq. (7.4) by
X(CNPsd,`) = Xt + C
NP
sd,` s
2
w, (7.5)
where CNPsd,` is the new physics contribution to the Wilson coefficient in eq. (7.1).
Using the most recent determinations of the input parameters, the SM predictions for the two
branching ratios are [161]
B(K+ → pi+νν)SM = (8.4± 1.0)× 10−11, (7.6)
B(KL → pi0νν)SM = (3.4± 0.6)× 10−11. (7.7)
1
The NLO values of the individual X
`
c can be found e.g. in [160].
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The dominant source of error in eq. (7.6) and eq. (7.7) comes from the uncertainty in the CKM
matrix elements, and from the charm contribution.
The current experimental bounds are [146]
B(K+ → pi+νν)exp = 17.3+11.5−10.5 × 10−11, (7.8)
B(KL → pi0νν)exp ≤ 2.6× 10−8 (90% CL). (7.9)
The branching ratio of the charged mode is expected to be measured with a precision of 10%,
relative to the SM prediction, by the on-going NA62 experiment at CERN [162]. A search for
the challenging neutral mode at the SM level is the ultimate goal of the KOTO experiment at
JPARC [163].
7.3 The EFT approach to LFU violations based on U(2)q×U(2)`
As already anticipated, the B-physics anomalies observed so far point toward NP coupled mainly
to the third generation of SM fermions with some small (but non-negligible) mixing with the light
generations. In addition, all effects observed so far are well compatible with NP only involving
left-handed currents. Left-handed four-fermion operators are also the most natural candidates
to build a connection between anomalies in charged and neutral current semileptonic processes.
These observations have led to identify the EFT approach based on the U(2)q × U(2)` flavour
symmetry as a a convenient framework (both successful and sufficiently general) to analyse B-
physics anomalies and discuss possible correlations with other low-energy observables [58, 142,
153].
The EFT is based on the assumption that the first two generations of left-handed quarks and
leptons transform as doublets of U(2)q ×U(2)` while the third generation and the right-handed
fermions are singlets
Q ≡ (q1L, q2L) ∼ (2, 1), q3L ∼ (1, 1), (7.10)
L ≡ (`1L, `2L) ∼ (1, 2), `3L ∼ (1, 1). (7.11)
Motivated by the observed pattern of the quark mass matrices, it is further assumed that the
leading breaking terms of this flavour symmetry are two spurion doublets, Vq ∼ (2, 1) and
V` ∼ (1, 2), that give rise to the mixing between the third generation and the other two [11]
(additional sub-leading breaking terms are needed to generate the masses of the light generations
and the corresponding mixing structures [11]).
This symmetry and symmetry-breaking pattern implies |V3i| ≈ |Vi3| ≈ V (i)q , up to model-
dependent parameters of order one. As a starting point, it is convenient to work in the down-
quark mass basis, where the left-handed singlet and doublet fields read
qbL =
(
V ∗j3u
j
L
bL
)
, QiL =
(
V ∗jiu
j
L
diL
)
, (i = 1, 2). (7.12)
In this basis, one can set
Vq ∝
(
V ∗td, V
∗
ts
) ≡ Vˆq, (7.13)
with the proportionality constant real and of order one. In the lepton sector, the size of the
spurion V` is a free parameter, since it has no direct connection to the lepton Yukawa couplings.
2
Given that processes involving electrons are SM-like to a very high accuracy, we will assume
V` = (0, `) with |`|  1.
2
It is worth stressing that in the lepton sector a different breaking pattern, i.e. a leading breaking controlled
by a triplet of U(2)`, rather than a doublet, is also a viable option.
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The choice of the down-quark mass basis to identify singlets and doublets of the (quark) flavour
symmetry is somehow arbitrary. In particular, the singlets do not need to be aligned with
bottom quarks. On general grounds we expect
q3L ≡ qbL + θqeiφq Vˆ †q ·QL , (7.14)
were θqe
iφq is the complex O(1) parameter that controls this possible mis-alignment: θq → 0 in
case of alignment to the down-quark mass basis, while θqe
iφq → 1 in the case of alignment to the
up-quark mass basis. Given the absence of deviations from the SM in CP-violating observables,
it is natural to expect φq to be close to 0 or pi (θq is defined to be real and positive). Similarly,
in the lepton sector we define
`3L ≡ `3L + V †` ·L . (7.15)
We shall describe NP effects through an EFT based on the following hypotheses:
1. the field content below the NP scale Λ > (GF )
−1/2 is the SM one;
2. the Lagrangian is invariant under the flavour symmetry U(2)q × U(2)`, apart from the
breaking induced by the spurions Vq and V`;
3. NP is directly coupled only to left-handed quark and lepton singlets in flavour space
(i.e. only operators containing only q3L or `3L fields are affected by tree-level matching
conditions at the NP scale Λ).
Given these assumptions, we can identify only two independent operators of dimension six
affected by NP and contributing to semileptonic decays at the tree level, namely the electroweak
singlet and triplet current-current interactions,
Leff = −
1
Λ2
(q3Lγµσ
aq3L)(`3Lγ
µσa`3L)−
c13
Λ2
(q3Lγµq3L)(`3Lγ
µ`3L) . (7.16)
The normalisation of the triplet operator in (7.16) has been chosen in order to generate a
constructive interference with the SM in charged-current amplitudes, as suggested by b→ cτντ
data. The overall-scale of this operator defines the NP scale Λ, while c13 denotes the ratio
between the singlet and triplet Wilson coefficients.
7.4 Physical observables
7.4.1 The R
D
(∗) anomaly
The averages of the τ/` universality ratios (` = µ, e) in b→ c transitions measured by BaBar [39],
Belle [35] and LHCb [36], are
RD∗ ≡
B(B → D∗τντ )exp/B(B → D∗τντ )SM
B(B → D∗`ν`)exp/B(B → D∗`ν`)SM
= 1.23± 0.07 , (7.17)
RD ≡
B(B → Dτντ )exp/B(B → Dτντ )SM
B(B → D`ν`)exp/B(B → D`ν`)SM
= 1.35± 0.16 . (7.18)
These two results can be combined into a single observable that parametrises the violation of
LFU in charged currents (assuming a purely left-handed structure):
R
D
(∗) = 1.24± 0.07. (7.19)
Only the triplet operator in eq. (7.16) contributes to b→ cτντ decays via the following effective
interaction
LNPb→cτντ = −
2
Λ2
[
Vcb + θqe
−iφq(VcsV
∗
ts + VcdV
∗
td)
]
(cLγ
µbL)(τLγµντ ) . (7.20)
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Figure 7.1: Left: allowed range for the real and imaginary parts of the NP Wilson coefficient
CNPsd,τ . Right: correlation between B(K+ → pi+νν) and RD(∗) for different values of the parameter
θq (with φq = c13 = 0); the coloured regions are the experimental measurements at 1σ, the dark
green band is the SM prediction.
The branching ratio for the processes B → D(∗)τν is then modified as follows by the triplet
operator (using CKM unitarity and setting Vtb = 1)
B(B → D(∗)τν) = B(B → D(∗)τν)SM
∣∣∣1 +R0 (1− θqe−iφq)∣∣∣2 (7.21)
where we have defined
R0 =
1
Λ2
1√
2GF
. (7.22)
In the limit where we neglect sub-leading terms suppressed by the small leptonic spurion, NP
does not affect B(B → D(∗)`ν) for the light leptons. This allows us to fix the overall scale of
NP via the relation [
R
τ/µ
D
(∗) − 1
]
≈ 2R0(1− θq cosφq) = 0.24± 0.07 . (7.23)
The reference effective scale of NP, obtained for θq → 0, is Λ0 ≈ 700 GeV. Notice that higher
scales of NP can be obtained if θq = O(1) and cosφq < 0, obtaining in this way a better
compatibility with constraints from direct searches [143] and electroweak precision tests [144,164].
On the other hand, the NP contribution to R
D
(∗) vanishes in the case of alignment of the flavour
symmetry to up-type quarks (θq → 1, φq → 0).
7.4.2 LFU violating contributions to K → piνν
The operators eq. (7.16) contribute to s→ dνν transitions through the term proportional to the
Vq spurion in eq. (7.14),
LNPs→dνν =
1− c13
Λ2
θ2q V
∗
tsVtd(sLγµdL)(ντγµντ ). (7.24)
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Neglecting, in first approximation, the NP contribution to s→ dν`ν` (` = e, µ) amplitudes, we
can write
B(K+ → pi+νν) = 2B(K+ → pi+νeνe)SM + B(K+ → pi+ντντ )SM
∣∣∣∣∣1 + R0 θ
2
q(1− c13)
(α/pi)CSM,effsd,τ
∣∣∣∣∣
2
,
B(KL → pi0νν) = 2B(KL → pi0νeνe)SM + B(KL → pi0ντντ )SM
∣∣∣∣∣1− R0 θ
2
q(1− c13)
(α/pi)(Xt/s
2
w)
∣∣∣∣∣
2
,
(7.25)
where CSM,effsd,τ ≈ −8.5× e0.11i includes also the long-distance contributions of eq. (7.3).
The current allowed range from the experimental result eq. (7.8) for the real and imaginary
parts of the Wilson coefficient CNPsd,τ in a generic NP model is shown in figure 7.1 (left). In our
case this translates into the constraint
|R0 θ2q(1− c13)| . 0.1 . (7.26)
As expected, the constraint vanishes in the limit c13 → 1, where triplet and singlet NP contri-
butions to s→ dνν amplitudes cancel each other. However, it must be stressed that there is no
symmetry reason to expect c13 = 1. Even if c13 = 1 holds as tree-level matching condition in the
EFT (such as e.g. in the lepto-quark models of Ref. [125,154]), one expects c13 6= 1 beyond the
tree level [125]. For c13 6= 1 the result in eq. (7.26) implies a severe constraint on the maximal
value of θq, assuming eq. (7.23) is satisfied. For |c13 − 1|  1 one finds |θq| . 1/|c13 − 1|.
Expressing R0 in terms of the measured value of RD(∗) (and the unknown parameters θq and φq)
we can rewrite the previous expression as a relation between R
D
(∗) and B(K → piνν) as follows
B(K+ → pi+νν) ≈ B(K+ → pi+νν)SM
[
1− 14 [R
D
(∗) − 1]θ2qfq + 165 [RD(∗) − 1]
2θ4qf
2
q
]
, (7.27)
where fq ≡ (1− c13)/(1− θq cosφq), and where we neglected higher orders in R0 from eq. (7.23).
This correlation is shown in figure 7.1 (right), for different values of the free parameters. As
can be seen, for θq = O(1) the solution of the RD(∗) anomaly can imply sizeable deviations in
B(K+ → pi+νν) compared to the SM. The dependence of B(K+ → pi+νν) on the parameter
θq, with RD(∗) fixed as in eq. (7.23), is shown by the blue lines in Figure 7.2 (right) for the two
values of the phase φu = 0 and pi, and for different values of the singlet contribution c13. Notice
that for c13 > 1 the branching ratio is always enhanced with respect to the SM prediction.
The neutral mode KL → pi0νν is purely CP-violating and constrains only the imaginary part
of the amplitude. The present bound on the NP Wilson coefficient from eq. (7.9) is roughly 10
times weaker than the one from the K+ mode.
7.4.3 Correlations between B → K(∗)νν and K → piνν
Also b→ sνν transitions are described by the Lagrangian eq. (7.1), with CSMbs = −Xt/s2w ≈ −6.4.
Notice that the charm contribution is not relevant in this case. Both charged and neutral B →
K(∗)νν decays set bounds on the New Physics Wilson coefficient, with the stronger constraints
coming from the B+ modes. In the SM, the branching ratios are [165]
B(B+ → K+νν)SM = 3.94× 10−6
∣∣∣∣VtsV ∗tb0.04
∣∣∣∣2 , (7.28)
B(B+ → K+∗νν)SM = 9.82× 10−6
∣∣∣∣VtsV ∗tb0.04
∣∣∣∣2 , (7.29)
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Figure 7.2: Left: correlation of B(K+ → pi+νν) with B(B+ → K∗+νν), having imposed R
D
(∗) =
1.25. The red (blue) colored region is for c13 = 0 (c13 = 2). We also show isolines of θq, and
the red star is the SM point. Right: branching ratios for K+ → pi+νν and B+ → K∗+νν,
normalised to the SM values, as functions of θq. The solid (dashed) lines correspond to c13 = 0,
φq = 0 (c13 = 2, φq = pi).
to be compared with the experimental bounds [146]
B(B+ → K+νν) ≤ 1.7× 10−5 @ 90% CL , (7.30)
B(B+ → K+∗νν) ≤ 4.0× 10−5 @ 90% CL . (7.31)
In the presence of the operators of eq. (7.16) the branching ratios are modified as follows
B(B → K(∗)νν) = B(B → K(∗)νν)SM
2
3
+
1
3
∣∣∣∣∣1− pis2wR0αXt θqeiφq(1− c13)
∣∣∣∣∣
2
 . (7.32)
As for K → piνν, we can obtain a direct connection to the charged-current anomaly expressing
R0 in terms of RD(∗) :
B(B → K(∗)νν) ≈ B(B → K(∗)νν)SM
(
1− 21[R
D
(∗) − 1]θq cosφqfq + 320[RD(∗) − 1]
2θ2qf
2
q
)
.
(7.33)
Figure 7.2 (right) shows the dependence of B(B+ → K∗+νν) on θq, with RD(∗) fixed to the
central value of the experimental measurement, and for two different values of φq and c13.
The deviations from the SM expectations in the two FCNC neutrino modes are closely correlated,
as described by the following relation
∆B(K+ → pi+νν)
∆B(B → K(∗)νν)
≈ 2
3
× θq
cosφq
× 1− 12 [RD(∗) − 1]θ
2
qfq
1− 15[R
D
(∗) − 1] θqfqcosφq
, (7.34)
where ∆B = B−BSMBSM , and as illustrated in figure 7.2. Notice that for small θq this correlation
does not depend on the measured value of R
D
(∗) . The constraints from B → K(∗)νν can severely
limit the deviations in K → piνν. This fact is well known in the literature, independently of
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the relation with the LFU B anomalies, see e.g. [166, 167]. If c13 < 1, the NP contributions
interfere constructively with the SM amplitude in the first branching ratio, and destructively
in the second one. As a consequence, in this case B(K+ → pi+νν) is always suppressed, with
deviations of up to −30% with respect to the SM value. The opposite is true when c13 > 1.
Also, the constraints are more stringent when cosφq is positive, since in this case the effective
scale of new physics is lower. For negative cosφq and c13 > 1, in particular, the constraint
from B → K(∗)νν becomes irrelevant, and large deviations can be expected in B(K+ → pi+νν)
(within the limits of eq. (7.8)).
7.4.4 Constraints and connections to other observables
b → s`+`−. FCNC processes that involve the light generations of leptons are suppressed by
the spurion V` in our framework. While LFU violation in these modes is a general prediction
following from eq. (7.15), the exact size of these effects depends on the unknown parameter `
(and, more generally, by the assumption on the breaking of the U(2)` lepton flavour symmetry).
The NP contributions to the Wilson coefficients C9 and C10 of the semileptonic b → sµ+µ−
Lagrangian
Lb→sµµeff =
4GF√
2
α
4pi
V ∗tbVts
[
C9,µ(bLγµsL)(µγ
µµ) + C10,µ(bLγµsL)(µγ
µγ5µ)
]
(7.35)
read
CNP9,µ = −CNP10,µ = −
pi
α
R0θqe
iφq(1 + c13)|`|2 . (7.36)
Global fits of these Wilson coefficients, performed after the recent measurement of the LFU
ratio RK∗ [43], in the case of NP coupled to left-handed currents only, yields C
NP
9,µ = −CNP10,µ =
−0.64± 0.18 [41,48, 52, 54, 168]. From this result, fixing the overall scale of NP from eq. (7.23),
it follows that |`| (1 + c13) ≈ 0.1 up to an O(1) factor depending on θq and φq. Since the sign
of CNP9 must be negative to fit the b→ s`` anomalies, it follows that (1− c13) cosφq > 0.
b → sτ+τ−. FCNC decays of B mesons with a τ+τ− pair in the final state arise at leading
order in the breaking of U(2)q×U(2)`. This implies that these processes can be directly related
both to the R
D
(∗) anomalies, and to the two neutrino modes discussed above. The current experi-
mental limits on B(B → Kτ+τ−) are four orders of magnitude larger than the corresponding SM
prediction (which lies in the 10−7 range). The Belle II experiment is expected to improve these
limits by at least one order of magnitude, reaching the 10−4 level [169]. While the value predicted
in the SM would still be out of reach, this sensitivity could be interesting in the NP framework
introduced above. The relevant NP Wilson coefficient are CNP9,τ = −CNP10,τ = CNP9,µ /|`|2, and the
branching ratio depends quadratically on R0(1 + c13) in the limit where the NP contribution is
large. Setting R
D
(∗) to the central value in eq. (7.23), and imposing the constraints on θq from
B → K(∗)νν and K → piνν, one gets an enhancement of a factor 102÷103 in B(B → Kτ+τ−) if∣∣∣1−c131+c13 ∣∣∣ . 20% (which is a rather natural choice of parameters). Finally, it is interesting to note
that the observation of b→ sτ+τ− transitions, together with s→ dνν and b→ sνν, would allow
to fix the three dimensionless parameters c13, θq, and φq entering the Lagrangian eq. (7.16), thus
completely determining the leading free parameters of the EFT.
τ → Kν. The s → u analogue of B → D(∗)τν is the tau decay τ → Kν, which is generated
at tree-level in the SM, and gets a contribution from the charged-current interaction eq. (7.16).
The total branching ratio in presence of NP can be written as
B(τ → Kν) = B(τ → Kν)SM
∣∣∣∣1−R0VubVtsλ θq(eiφ − θq)
∣∣∣∣2 . (7.37)
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The measured value is B(τ → Kν)exp = (6.9± 0.1)× 10−3, which has to be compared with the
SM prediction B(τ → Kν)SM = (7.1 ± 0.1) × 10−3. This translates into a loose bound on the
scale of NP [R0θq(1− θq) . 20 for φq = 0].
Loop effects. The running from the scale Λ to the electroweak scale, starting from the NP
semileptonic Lagrangian eq. (7.16), does generate non-vanishing contributions to four-quark and
four-lepton operators. The contributions to K −K and Bs − Bs mixing, as well as to flavour-
changing Zqq interactions, are suppressed at least by the τ mass, and turn out to be several
orders of magnitude below present experimental constraints.
It is on the other hand known that running effects due to quark loops, leading to purely leptonic
operators [144,164], are potentially more problematic because of precise constraints from leptonic
τ decays. In concrete models, additional UV contributions to the same effective operators
will arise from the matching at the scale Λ. These contributions can help satisfying the τ
decay constraints, but can also constitute a problem for meson mixing. On general grounds,
satisfying all the constraints in a concrete UV completion that incorporates both the b → cτν
and b→ s`+`− anomalies is not straightforward. However, as shown in [153], this result can be
achieved with a moderate tuning of parameters. Given the model-dependence of the radiative
constraints, we do not take them into account in the present analysis whose main focus are
semileptonic decays.
7.5 Conclusions
Recent B-physics data hints toward violations of Lepton Flavour Universality in charged- and
neutral-current semileptonic processes. The most natural explanation of these phenomena, if
both will be confirmed as evidences of physics beyond the SM, is the hypothesis of a new
interaction in the TeV range that couples mainly to third-generation fermions. If a CKM-like
relation connects NP effects in B and K physics, it is natural to expect sizeable deviations from
the SM in K → piνν decays, which are the only s→ d transitions that involve third-generation
leptons in the final state.
To quantify possible NP effects in K → piνν decays in sufficiently general terms, being motivated
by present B-physics anomalies, we have considered an EFT based on the hypothesis of a
U(2)q ×U(2)` flavour symmetry acting on the light generations of left-handed fermions, broken
in the quark sector by the small CKM-like spurion Vq connecting third and light generations
(and similarly broken by a small spurion V` in the lepton sector). We further assumed that
NP is coupled only to the left-handed third generation flavour-singlets (q3L and `3L). Because
of the freedom in the choice of the flavour basis, the spurions Vq,` can enter the definition of
the flavour singlets with an arbitrary mixing parameter of order one. The latter control the
communication of NP effects from processes with third-generation fermions only, to processes
with light generations. This set-up is not the most general one compatible with the U(2)q×U(2)`
flavour symmetry, but it covers a wide class of the most motivated explicit models so far proposed
to address B-physics anomalies.
In this framework, we focused our attention to semileptonic transitions involving only τ leptons
and τ neutrinos. These processes are completely determined by four real parameters: the overall
scale of the new interactions Λ, the two model-dependent real (mixing) parameters θq and φq
defining the (quark) flavour basis, and the relative strength of the electroweak-triplet and -singlet
NP interactions c13. The measurement of the LFU ratios RD(∗) can be used to fix the NP scale
Λ in terms of θq and φq. This allows in turn to study the neutrino FCNC transitions K → piνν
and B → K(∗)νν, as well as B → K(∗)τ+τ−, as functions of the three remaining parameters
naturally expected to be of O(1).
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We have shown that, for natural values of the free parameters, sizeable and closely correlated
deviations from the SM of both neutrino modes are expected. The electroweak triplet operator
alone necessarily causes a suppression of B(K+ → pi+νν), due to the interference of NP with the
SM amplitude which is always destructive. This suppression could be as large as 30%, relative
the SM value. If, on the other hand, also an electroweak singlet interaction is present, arbitrary
modifications of B(K+ → pi+νν) are possible. The strongest constraint on the allowed size of
these deviations comes from the present bounds on B(B → K(∗)νν) which, however, do not
exclude O(1) enhancements in B(K+ → pi+νν), as illustrated in Figure 7.2.
Order of magnitude enhancements of b→ sτ+τ− compared to the SM are possible in this class
of NP models. However, these transitions are very challenging from the experimental point
of view. In principle, the combined measurement of R
D
(∗) , B(K+ → pi+νν), B(B → K(∗)νν),
and B(B → Kτ+τ−) would allow to completely determine the leading parameters of the EFT.
The correlation with other observables is less straightforward: violations of µ/e universality
in b → s`` transitions are a natural prediction of this framework; however, their size and the
correlation with NP effects in the neutrino modes are controlled by additional free parameters.
Summarising, K → piνν decays could be significantly affected by the non-standard LFU-violating
interactions hinted by present B-physics data. The forthcoming measurement of B(K+ → pi+νν)
by the NA62 experiment at CERN will provide an important insight on this class of NP models.
The general expectation is a sizeable deviation from the SM, that, however, could result also into
a significant suppression. Should a deviation from the SM prediction be observed in this channel,
its correlation with NP effects in B(B → K(∗)νν) and, possibly, B(B → Kτ+τ−), would allow
to reveal the flavour structure of this new interaction.
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Chapter 8
A three-site gauge model for flavour
hierarchies and flavour anomalies
8.1 Introduction
A common origin of the two set of anomalies presented in section 2.4 is not obvious, but is
very appealing from the theoretical point of view. Severals attempts to provide a combined
explanation of the two effects have been presented in the recent literature [57–59, 125, 127, 128,
133,134,136,137,139,140,142,153,154,170–173]. Among them, a class of particularly motivated
models are those based on TeV-scale new physics (NP) coupled mainly to the third generation
of SM fermions, with subleading effects on the light generations controlled by an approximate
U(2)Q×U(2)L flavour symmetry [11]. As recently shown in [174] (see also [58,125,153]), an EFT)
based on this flavour symmetry allows us to account for the observed semileptonic LFU anomalies
taking into account the tight constraints from other low-energy data [144, 164]. Moreover, the
EFT fit singles out the case of a vector leptoquark (LQ) field Uµ ∼ (3,1)2/3, originally proposed
in [125], as the simplest and most successful framework with a single TeV-scale mediator (taking
into account also the direct bounds from high-energy searches [143]).
While the results of Ref. [174] are quite encouraging, the EFT solution and the simplified models
require an appropriate UV completion. In particular, the vector LQ mediator could be a com-
posite state of a new strongly interacting sector, as proposed in [125, 142], or a massive gauge
boson of a spontaneously broken gauge theory, as proposed in [175–177]. In this work we follow
the latter direction.
Ultraviolet completions for the vector LQ mediator Uµ naturally point toward variations of
the Pati-Salam (PS) gauge group, PS=SU(4)× SU(2)L × SU(2)R [178], that contains a massive
gauge field with these quantum numbers. The original PS model does not work since the (flavour-
blind) LQ field has to be very heavy in order to satisfy the tight bounds from the coupling to
the light generations. An interesting proposal to overcome this problem has been put forward
in Ref. [176], with an extension of the PS gauge group and the introduction of heavy vector-like
fermions, such that the LQ boson couples to SM fermions only as a result of a specific mass
mixing between exotic and SM fermions.
A weakness of most of the explicit SM extensions proposed so far to address the B-physics
anomalies, including the proposal of Ref. [176], is the fact that the flavour structure of the
models is somehow ad hoc. This should be contrasted with the EFT solution of Ref. [174],
which seems to point toward a common origin between flavour anomalies and the hierarchies of
the SM Yukawa couplings. In this work we try to address these problems together, proposing
a model that is not only able to address the anomalies, but is also able to explain in a natural
way the observed flavour hierarchies.
The model we propose is a three-site version of the original PS model. At high energies, the
gauge group is PS3 ≡ PS1×PS2×PS3, where each PS group acts on a single fermion family. The
spontaneous symmetry breaking (SSB) down to the SM group occurs in a series of steps charac-
terized by different energy scales, whichf allow us to decouple the heavy exotic fields coupled to
the first two generations at very high energies. As a result, the gauge group controlling TeV-scale
dynamics contains a LQ field that is coupled mainly to the third generation (see figure 8.1). A
key aspect of this construction is the hypothesis that electroweak symmetry breaking (EWSB)
occurs via a Higgs field sitting only on the third-generation site: this assumption allows us to
derive the hierarchical structure of the Yukawa couplings as a consequence of the hierarchies of
the vacuum expectation values (VEVs) controlling the breaking of the initial gauge group down
to the SM. In particular, the U(2)Q ×U(2)L global flavour symmetry appears as a subgroup of
an approximate flavour symmetry of the system emerging at low energies [U(2)5]. Last but not
least, the localization of the Higgs field on the third-generation site provides a natural screening
mechanism for the Higgs mass term against the heavy energy scales related to the symmetry
breaking of the heavy fields coupled to the light generations.
8.2 The model
The gauge symmetry of the model holding at high energies is PS3 ≡ PS1 × PS2 × PS3, where
PSi = SU(4)i × [SU(2)L]i × [SU(2)R]i . (8.1)
The fermion content is the same as in the SM plus three right-handed neutrinos, such that each
fermion family is embedded in left- and right-handed multiplets of a given PSi subgroup:
Ψ
(i)
L ∼ (4,2,1)i , Ψ(i)R ∼ (4,1,2)i . (8.2)
The subindex i = 1, 2, 3 denotes the site that, before any symmetry breaking, can be identified
with the generation index.
The SM gauge group is a subgroup of the diagonal group, PS diag = PS1+2+3, which corresponds
to the original PS gauge group. The SSB breaking PS3 → SM occurs in a series of steps at
different energy scales (see figure 8.1) with appropriate scalar fields acquiring non-vanishing
VEVs, as described below.
I. High-scale vertical breaking [PS1 → SM1].
At some heavy scale, Λ1 > 10
3 TeV, the PS1 group is broken to SM1, where
SMi = SU(3)i × [SU(2)L]i × [U(1)Y]i , (8.3)
by the VEV of a scalar field Σ1 ∼ (4,1,2)1, charged only under PS1 (or localized on the first
site). Via this breaking 9 gauge fields with exotic quantum numbers (6 LQ fields, a W±R , and a
Z ′, all coupled only to the first generation) acquire a heavy mass and decouple.
II. Horizontal breaking 1–2 [SM1 × PS2 → SM1+2].
Gauge fields on different sites are broken to their diagonal subgroup via appropriate link fields,
or scalar bilinears. On both links (1–2 and 2–3) we introduce the following set of link fields
ΦLij ∼ (1,2,1)i × (1,2,1)j ,
ΦRij ∼ (1,1,2)i × (1,1,2)j ,
Ωij ∼ (4,2,1)i × (4,2,1)j ,
(8.4)
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Figure 8.1: Moose diagram of the model (up) and symmetry breaking sequence.
such that
〈ΦLij〉 6= 0 ⇒ [SU(2)L]i × [SU(2)L]j → [SU(2)L]i+j ,
〈ΦRij〉 6= 0 ⇒ [SU(2)R]i × [SU(2)R]j → [SU(2)R]i+j ,
〈Ωij〉 6= 0 ⇒
{
SU(4)i × SU(4)j → SU(4)i+j
[SU(2)L]i × [SU(2)L]j → [SU(2)L]i+j .
At a scale Λ12 < Λ1 the 1–2 link fields acquire a VEV. As a result, the vertical breaking occurring
on the first site is mediated also to the second site, and the gauge symmetry is reduced to
SM1+2 × PS3.
Thanks to this second breaking, 9 exotic gauge fields coupled mainly to the second generation,
and 12 SM-like gauge fields coupled in a non-universal way to the first two families acquire a
heavy mass and can be integrated out. Below the scale Λ12 the residual dynamical gauge sector
is invariant under a global U(2)5 flavour symmetry acting on the first two generations of SM
fermions1.
At this stage there is still no local coupling between the fermions of the first two generations
and the scalar fields sitting on the third site (H3 and H˜3) that contain the SM Higgs. In other
words, we have not yet generated an effective Yukawa coupling for the light generations.
The hierarchy between Λ1, Λ12, and the VEVs of the 1–2 link fields does not need to be specified.
The lower bound on the lowest of such scales, that we fix to be 103 TeV, is set by the tight limits
on flavour-changing neutral currents involving the first two generations (most notably K–K and
D–D mixing [179], and KL → µe [180]). With this choice, we can ignore the effect of d ≥ 6
effective operators generated at this scale.
III. Horizontal breaking 2–3 [SM1+2 × PS3 → SM].
The scale characterizing the dynamics of the 2–3 link fieds is Λ23 ∼ 102 TeV. We assume a
specific hierarchy among this scale and the VEVs of the link fields:
Λ23 > 〈ΦL,R23 〉 > 〈Ω23〉 ≡ Λ3 ∼ 1 TeV . (8.5)
1
At E < Λ12 mass terms for the right-handed neutrinos of the first two generations are allowed. We thus
integrate out also ν
R
1,2 remaining with 5 independent species of massless fermions charged under SM1+2.
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This hierarchy is a key ingredient to generate the correct pattern for the Yukawa couplings
(discussed in detail below) and, at the same time, address the flavour anomalies.
At energies 〈ΦL,R23 〉 > E > Λ3 we can decouple a W±L , a W±R , and two Z ′ fields with mass of
O(10 TeV), that are too heavy to be probed at colliders and have no impact on flavour physics
because of the U(2)5 flavour symmetry.
Below Λ23, the dynamical gauge group is reduced to
G = SU(4)3 × SU(3)1+2 × SU(2)L ×U(1)′ . (8.6)
This symmetry group is structurally similar to the one proposed in [176], but its action on SM
fermions is different: with the exception of SU(2)L, all the other subgroups are flavour non-
universal. In particular, the action of U(1)′ coincides with the SM hypercharge on the first two
families and with T 3R on the third family. The final breaking G → SM gives rise to 15 massive
gauge bosons with mass of O(1 TeV): 6 LQ fields, 8 colorons (i.e. a color octet), and a Z ′. By
construction, the LQ is coupled only to the third generation, as desired in order to address the
flavour anomalies.
IV. Low-scale vertical breaking [EWSB].
The electroweak symmetry breaking is achieved by an effective SU(2)L scalar doublet, emerging
as a light component from the following two set of fields
H3 ∼ (15,2,2)3 , H˜3 ∼ (1,2,2)3 , (8.7)
localized on the third site.
In the absence of Yukawa couplings, the full Lagrangian of the proposed model is invariant
under the accidental global [U(1)3B+L]i symmetries, corresponding to the individual fermion
number for each family. The Yukawas explicitly break these symmetries, leaving the diagonal
combination U(1)3B+L unbroken. After the SSB of the PS group to the SM one, this accidental
symmetry combines with the [U(1)B−L]i generators in SU(4)i, leaving two unbroken global
U(1) symmetries, U(1)B : B = X3B+L + 1/
√
6T 15 and U(1)L : L = X3B+L − 3/
√
6T 15 (with
T 15 ≡ T 151 + T 152 + T 153 ). These two symmetries correspond to baryon and lepton numbers and
are responsible of keeping the proton stable.
8.2.1 Yukawa structure
The flavour structure observed at low energies emerges as a consequence of the localization of
fermions and scalars on different sites. Given the Higgs fields in eq. (8.7), the only renormalizable
(unsuppressed) Yukawa interaction at high energies is
L renYuk = y3 Tr
{
Ψ
(3)
L H3Ψ
(3)
R
}
+ y˜3 Tr
{
Ψ
(3)
L H˜3 Ψ
(3)
R
}
+ h.c.
and similarly for the conjugate fields Hc3 and H˜
c
3. The EWSB breaking induced by 〈H3〉 and
〈H˜3〉, with 〈H3〉 aligned along the T 15 generator of SU(4), allows us to generate four independent
SM-like Yukawa couplings for the third generation fermions with different SM quantum numbers.
As anticipated, below the scale Λ12 the dynamical gauge sector is invariant under a global U(2)
5
flavour symmetry acting on the first two generations of SM fermions:
Ψ
(`)
F ≡
(
Ψ
(1)
F ,Ψ
(2)
F
)
, F = {FL, FR} , (8.8)
with FL = QL, LL and FR = UR, DR, ER. Effective Yukawa couplings for these fields are
generated below the scale Λ23 (see discussion in Section 8.2.2). At dimension-five, the following
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effective operators are generated
Ld=5Yuk =
y˜F3`
Λ23
Tr
{
Ψ
(`)
FL
Ω`3 H˜3 Ψ
(3)
R
}
+ h.c. (8.9)
Note that, while the U(2)5 flavour symmetry is exact in the gauge sector, this is not the case for
the scalar sector. In particular, the Ω23 link field is expected to acquire a non-negligible mixing
with Ω12 of order 12 = 〈Ω12〉/Λ12  1 (and similarly for the other link fields). This is why we
denote Ω`3 (rather than Ω23) its dynamical component for E < Λ12. Strictly speaking, at this
stage we should also treat separately the components of Ω`3 along the SM1+2 sub-groups of
PS1+2; however, we leave this tacitly implied.
As a result of Ld=5Yuk, at low energies two spurions of the U(2)Q×U(2)L ∈ U(2)5 flavour symmetry
appear. These spurions (transforming as 2Q and 2L, respectively) control the left-handed mixing
between third- and light-generations. Up to O(1) parameters, the size of the 2Q spurion can be
deduced from the size of the 3–2 mixing in the CKM matrix [11], implying
〈Ω`3〉/Λ23 ∼ |Vts| ≈ 4× 10−2 . (8.10)
Masses and mixing for the first two generations are obtained from subleading spurions appearing
at the dimension-six level,
Ld=6Yuk =
y˜F`
Λ223
Tr
{
Ψ
(`)
FL
ΦL`3 H˜3 Φ
R
3`Ψ
(`)
FR
}
+ h.c. (8.11)
Adding these symmetry breaking terms to the ones in eq. (8.9), we get the following Yukawa
pattern
Yf =
yf` 〈ΦL`3〉〈ΦR3`〉Λ223 yf3` 〈Ω`3〉Λ23
0 yf3
 , (8.12)
where the yf`,3`,3 are obtained by y3, y˜3, and y˜
F
`,3`, normalizing the components of 〈H3〉 and 〈H˜3〉
to v. This structure leads to a very good description of the SM Yukawa couplings in terms of
O(1) parameters and VEV ratios. The natural scale for the d = 6 terms is
〈ΦL`3〉〈ΦR3`〉
Λ223
∼ yc(v) =
mc(v)
v
≈ 5× 10−3 . (8.13)
A detailed discussion of the scalar sector of the model is beyond the scope of this work. However,
it is worth stressing that the various scale hierarchies are partially stabilized by the different
localization of the fields (or by the initial gauge symmetry). In particular, because of eq. (8.10),
corrections to the Higgs mass term proportional to Λ223 are suppressed by |Vts|2, hence they are
effectively of O(1 TeV2).
8.2.2 Origin of the effective Yukawa operators
The effective Yukawa operators in Section 8.2.1 cannot be generated using only the link fields so
far introduced, assuming a renormalizable structure at high energies, but can be generated inte-
grating out additional heavy fermions or heavy scalar fields with vanishing VEV. In particular,
we envisage the following three main options:
i) New link fields. Adding the following set of (scalar) link fields,
∆ij ∼ (4,2,1)i ×
(
4,1,2
)
j
, (8.14)
with vanishing VEV, we can generate all the effective Yukawa operators at the tree-level
via appropriate triple and quartic scalar couplings with the other link fields, and (renor-
malizable) Yukawa-type interactions with the chiral fermions.
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ii) Vector-like fermions. The following set of vector-like fermions,
χL/R ∼ (4,2,1)3 ,
χ′L/R ∼ (4,1,1)i × (1,2,1)3 ,
χ′′L/R ∼ (4,1,1)i × (1,1,2)3 ,
(8.15)
is sufficient to induce the desired operators at the tree-level via appropriate new Yukawa-
type interactions with the link fields and the chiral fermions.
iii) Mixed solution. An interesting mixed solution consists on having a single extra vector-like
fermion and a single additional link field,
∆12 ∼ (4,2,1)1 ×
(
4,1,2
)
2
,
χL/R ∼ (4,2,1)3 .
(8.16)
This way the vector-like fermion is responsible of generating the operator in eq. (8.9), while
the operator in eq. (8.11) is induced integrating out the new link field.
Other possibilities to generate these operators, in particular via loops of extra scalars and
fermions, are also possible. Similarly to the case of the scalar potential, a detailed discussion of
the dynamics of these heavy fields is beyond the scope of this work. On the other hand, it is
important discuss in general terms the nature of the higher-dimensional operators, bilinear in
the SM fermion fields, generated below the Λ23 scale upon integration of generic heavy dynamics.
The only two hypotheses we need to assume are that: i) this dynamics respect the U(2)5 flavour
symmetry; ii) only the link fields in (eq. (8.4)) break this symmetry via their VEV. These two
hypotheses are sufficient to ensure a constrained structure for the corresponding EFT, leading
to a well-defined pattern of NP effects at low energies.
The higher dimensional operators can be divided into two main classes:
i) U(2) preserving operators. A large set of operators in this category are those containing
SM fields only, belonging to the so-called SMEFT [181]. Other operators contain U(2)5-
conserving contractions of the link fields, or field-strength tensors of the TeV-scale exotic
gauge fields. In both cases, the U(2)5 protection and the large effective scale (Λ23 ∼
102 TeV) imply marginal effects in low-energy phenomenology.
ii) U(2) breaking operators. Contrary to the previous case, these operators necessarily involve
link fields, namely Ω`3, Φ
L
`3 and Φ
R
`3. Restricting the attention to the fermion bilinears, it
is easy to show that dimension-5 operators involve only heavy-light fermions and a single
Ω`3 field. These are the Yukawa operators in (eq. (8.9)), and operators that reduce to
these ones after using the equations of motion.
At dimension six we find operators involving light fermions only and two link fields. The
chirally-violating ones are the Yukawa terms in eq. (8.11). The chirally-preserving ones
necessarily involve two powers of the same link field. Terms bilinear in ΦL`3 and Φ
R
`3 modify
the couplings of the heavy W±L , W
±
R , Z
′ with mass of O(10 TeV). Given the heavy masses
of these fields, and the smallness of the U(2) breaking, these terms are irrelevant for low-
energy phenomenology. We thus conclude that, beside the Yukawa couplings, the only
additional effective fermion bilinears generated by integrating out heavy dynamics at the
scale Λ23 are operators of the type
i C
(0)
Ω
Λ223
Tr{Ω†`3DµΩ`3}(Ψ
(`)
FL
γµΨ
(`)
FL
) , (8.17)
i C
(4)
Ω
Λ223
Tr{Ω†`3TαDµΩ`3}(Ψ
(`)
FL
TαγµΨ
(`)
FL
) , (8.18)
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and analogous terms where Tα is replaced by a SU(2)L generator or a combination of
SU(2)L and SU(4) generators, and finally terms obtained substituting Ψ
(`)
FL
with Ψ
(`)
FR
.
f After SSB, the operators (8.17)–(8.18) induce small modifications to the couplings among the
TeV-scale gauge bosons and first- and second-generation fermions. As we discuss in section 8.3,
this effect plays a fundamental role in the explanation of the (subleading) b → s`` anomalies.
On the contrary, the effect of the analogous operators with right-handed fermions are severely
constrained by Bs → `` (` = e, µ). It is quite natural to find heavy dynamics that, in first
approximation, induces only the left-handed operators and not the right-handed counterparts.
This is for instance the case of the vector-like fermions in eq. (8.15) and eq. (8.16). In what
follows we include the the operators (8.17)–(8.18) in our analysis and neglect the right-handed
ones.
8.2.3 Gauge boson spectrum at the TeV scale
In what follows we focus on the last step of the breaking chain discussed above, namely the
G → SM breaking, that controls low-energy phenomenology and high-pT physics. We denote
the gauge couplings respectively by g(3)c , g
(l)
c , gL, and g
′
B and the gauge fields by H
α
3µ, H
a
l µ, W
i
µ
and B′, with α = 1, . . . , 15, a = 1, . . . , 8, and i = 1, 2, 3. As discussed above, this symmetry
breaking is triggered by the VEV of Ω`3, which can be decomposed as Ω`3
G∼ (4,3,3)
1/6
⊕(
4,1,3
)
−1/2 ⊕
(
4,3,1
)
1/6
⊕ (4,1,1)−1/2. We assume that the scalar potential is such that Ω`3
only takes a VEV along the SU(2)L-preserving directions, denoted as Ω3 ≡
(
4,3,1
)
1/6
and
Ω1 ≡
(
4,1,1
)
−1/2, while the SU(2)L-triplet components become heavy and decouple. We have:
〈Ω3〉 =
1√
2

ω3 0 0
0 ω3 0
0 0 ω3
0 0 0
 , 〈Ω1〉 = 1√2

0
0
0
ω1
 , (8.19)
with ω1,3 assumed to be of O(TeV). These scalar fields can be decomposed under the unbroken
SM subgroup as Ω3 ∼ (8,1)0 ⊕ (1,1)0 ⊕ (3,1)2/3 and Ω1 ∼ (3,1)−2/3 ⊕ (1,1)0. So, after
removing the Goldstones, we end up with a real color octect, one real and one complex singlet,
and a complex leptoquark.
The resulting gauge spectrum is the same as in the model proposed in Ref. [176]. The massive
gauge bosons are a vector leptoquark, a color octect, and a neutral gauge boson, transforming
under the SM subgroup as: U ∼ (3,1)2/3, G′ ∼ (8,1)0, and Z ′ ∼ (1,1)0. These are given by
the following combinations of the original gauge fields:
U1,2,3µ =
1√
2
(
H9,11,133µ − iH10,12,143µ
)
,
G′ aµ =
g(l)c
g′c
Hal µ −
g(3)c
g′c
Ha3µ ,
Z ′µ =
g(3)c
g′Z
H153µ −
√
2
3
g′B
g′Z
B′µ ,
(8.20)
with g′c =
√
(g(3)c )
2 + (g(l)c )
2, g′Z =
√
(g(3)c )
2 + 23(g
′
B)
2, and their masses read
MU =
g(3)c
2
√
ω21 + ω
2
3 , MG′ =
1√
2
g′cω3 ,
MZ′ =
3
2
√
6
g′Z
√
ω21 +
ω23
3
. (8.21)
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For the phenomenological analysis, it is useful to define the following combination, CU ≡
v2 (g(3)c )
2/4M2U3 = v
2/(ω21 +ω
2
3), which quantifies the overall strength of the NP effects mediated
by the vectors at low energies.
The combinations orthogonal to G′ aµ and Z
′
µ are the (massless) SM gauge fields G
a
µ and Bµ, with
couplings
gc =
g(l)c g
(3)
c
g′c
, gY =
g′Bg
(3)
c
g′Z
. (8.22)
At the matching scale, µ ≈ 1 TeV, we have gc = 1.02 and gY = 0.363. From these relations it
is clear that g(3)c , g
(l)
c > gc and g
(3)
c , g
′
B > gY , with one of the NP couplings approaching the SM
value from above in the limit when the other becomes large. Hence, it follows that g(3)c , g
(l)
c  g′B.
A key difference between the model presented here and the one in Ref. [176] is found in the
couplings of the extra gauge bosons to fermions. In the SU(4) eigenstate basis (denoted by
primed fields) these are given by
LL ⊃
g(3)c√
2
Uµ q′LN
L
U γµ `
′
L + h.c.
+gcG
′ a
µ q
′
LNG′ γ
µ T a q′L
+
gY
2
√
6
Z ′µ
(
3 `
′
LNZ′ γ
µ `′L − q′LNZ′ γµ q′L
)
,
LR ⊃
g(3)c√
2
Uµ
(
u′RN
R
U γµ ν
′
R + d
′
RN
R
U γµ e
′
R
)
+ h.c.
+gcG
′ a
µ
(
u′RNG′ γ
µ T a u′R + d
′
RNG′ γ
µ T a d′R
)
+
gY
2
√
6
Z ′µ
[
3 ν ′RN
(−)
Z
′ γ
µ ν ′R + 3 e
′
RN
(+)
Z
′ γ
µ e′R
−u′RN (+)Z′ γ
µ u′R − d′RN (−)Z′ γ
µ d′R
]
, (8.23)
where we have defined the following matrices in flavour space (Nc = 3 (1) for quarks (leptons))
NL,RU = diag (0, 0, 1) , NG′ = diag
(
g(l)c
g(3)c
,
g(l)c
g(3)c
,−g
(3)
c
g(l)c
)
,
N
(±)
Z
′ = NZ′ ±
2g′B
3g(3)c
Nc 1 , NZ′ = diag
(
2g′B
3g(3)c
,
2g′B
3g(3)c
,−g
(3)
c
g′B
)
,
which encode the non-universality of the couplings. The effective operators in eqs. (8.17)–(8.18)
generate small additional couplings to the left-handed components of the light families, almost
aligned to the second generation. This effect is particular relevant for the Uµ couplings, where
NLU → NLU ≈ diag (0, , 1) , (8.24)
with  ≡ −1/2 C(4)Ω ω1ω3/Λ223, while NRU remains unchanged.
For phenomenological applications we need to rewrite these interactions in the fermion mass-
eigenstate basis. This is achieved by rotating the fermion fields with the unitary matrices VfL(R) ,
defined by Yf = V
†
fL
diag(Yf )VfR . As a result of the Yukawa structure in eq. (8.12), flavour-
mixing terms in the right-handed currents can be neglected (the corresponding diagonalization
matrices become identity matrices in the limit of vanishing light-fermion masses). However, due
to the arbitrariness in the normalization of quark and lepton fields inside the SU(4) spinors
in eq. (8.2), a freedom remains in the relative phase between left- and right-handed charged
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Figure 8.2: Model prediction for ∆Cµ9 = −∆Cµ10, ∆Rτ`D∗ , and ∆Rτ`D for the ∆χ2 ≤ 2.3 (1σ) fit
region: in blue including only the logarithmic contribution in eq. (8.28), and in green including
also the non-logarithmic corrections. The 1σ experimental data are shown by the two crosses.
Predictions and results for ∆Rτ`D∗ (red cross) are scaled by 5/2 compared to ∆R
τ`
D (orange cross),
since our model predicts ∆Rτ`D ≈ 5/2×∆Rτ`D∗ .
currents. Assuming no other sources of CP violation beside the CKM matrix, we restrict this
phase (θLR) to assume the discrete values {0, pi}.
The left-handed flavour rotations can be written as
q′L = Vd qL ≡ Vd
(
V †CKM uL
dL
)
,
`′L = Ve `L ≡ Ve
(
U †PMNS νL
eL
)
,
(8.25)
where Vd,e are unitary matrices. As a result of these rotations, flavour-changing terms appear
in the couplings of U3, G
′ and Z ′ to left-handed fermions. Because of the approximate U(2)5
flavour symmetry, we expect both Vd and Ve to be close to the identity matrix; for simplicity,
we assume them to be real and set to zero the rotations involving the first family:
Vd =
1 0 00 cos θbs sin θbs
0 − sin θbs cos θbs
 , Ve =
1 0 00 cos θτµ sin θτµ
0 − sin θτµ cos θτµ
 . (8.26)
Because of eq. (8.10), both θbs and θτµ are naively expected to be of O(|Vts|). However, in order
to avoid the strong bounds from Bs-mixing, we assume y
d
3`/y
d
3  1, such that θbs  |Vts|.
8.3 Phenomenological analysis
Low-energy constraints. The low-energy phenomenology of the model can be described
in terms of {CU , , θτµ, θbs} and the discrete parameter θLR. The list of relevant low-energy
observables, with their explicit expression in terms of four-fermion effective operators, is given
in Table II of Ref. [174]. An important difference is the appearence of effective charged-current
scalar operators from the right-handed terms in (eq. (8.23)). These have a negligible impact
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in B → D∗τν, but are non-negligible in B → Dτν. Using the results in Ref. [29] for the
matrix-elements of the (bRcL)(νLτR) operator, we obtain in the limit θτµ, θbs → 0
∆Rτ`D∗ = R
τ`
D
∗ − 1 ≈ 2[1− 0.12 cos(θLR)]CU ,
∆Rτ`D = R
τ`
D − 1 ≈ 2[1− 1.5 cos(θLR)]CU ,
(8.27)
with Rτ`
D
(∗) defined as in Ref. [174]. In order to maximize the correction to R
τ`
D
(∗) we set θLR = pi.
This implies the relation ∆Rτ`D ≈ 5/2×∆Rτ`D∗ , that is well consistent with present data [35–37,
39].
Having fixed θLR, we determine the remaining four parameters from a global fit. At the best fit
point we obtain χ2min ≈ 9, which gives a very good fit compared to the SM, for which χ2SM ≈ 46.
A typical set of parameters providing a good fit to data is given by CU = 0.03,  = −0.02,
θτµ = −0.05 and θbs = 0.05Vts. This can be obtained for instance from the benchmark point:
g(3)c = 3 and MU3 ≈ 2 TeV, with MG′ and MZ′ ranging between 1.5 and 3 TeV (depending on
the ω1/ω3 ratio).
The potential of the model to explain the anomalies in b → s`` (that we express as deviations
in the Wilson coefficients C9,10, defined as in [49, 96]) and in R
τ`
D
(∗) (for which we adopt the
updated SM prediction in [30,31,182]) is depicted in figure 8.2. A good fit to b→ s`` data can
only be achieved when considering the dimension-six operator eq. (8.17), whose effect is encoded
in . Interestingly, the best fit value for  is perfectly consistent with that of the dimension-six
contributions in the Yukawa couplings.
While the model significantly reduces the tension with data, predicting a non-trivial correlation
between Rτ`D and R
τ`
D
∗ (see caption of figure 8.2), the central value of these two observables
cannot be achieved due to the constraints from LFU tests in τ physics and B(Bc,u → τν). The
LFU tests yield per-mille constraints on the modifications of W and Z couplings to τ leptons
(δgWτ and δg
Z
τL,ντ
)2. These quantities arise in our model from one-loop diagrams involving SM
fermions and LQ fields3, whose (leading) result at O(y2t ) is
δgWτ /g
W
` =
3 y2t
16pi2
CU
(
1
2
+ log
m2t
M2U
)
,
δgZντ /g
Z
ν`
=
3 y2t
8pi2
CU
(
1 + log
m2t
M2U
)
.
(8.28)
These expressions agree in the logarithmic part with the EFT results in [144,164,183]. However,
having a complete model, we have been able to compute also the non-logarithmic terms which
are non-negligible and partially alleviate the tensions with LFU tests in τ physics (see figure 8.2).
As far as B(Bc,u → τν) are concerned, at the best fit point we predict a ∼ 60% enhancement
over the SM, which is perfectly consistent with present data.
Another important constraint is obtained from Bs,d mixing. Contributions to these observables
arise in our model from the tree-level exchange of the coloron and the Z ′, as well as from one-
loop box diagrams involving the vector leptoquark. All these contributions are proportional to
the down-type rotation angle |θbs|. Allowing for (U(2)5 preserving) deviations of up to O(10%)
in Bs,d mixing leads to the bound |θbs| . 0.1 |Vts|, forcing a flavour-alignment in the down-quark
sector. As a result of this alignment, contributions to D − D mixing from coloron and Z ′
exchange turn out to be below the present limits and do not give any relevant bound.
2
The dominant constrain arises from the bound on |gWτ /gWµ |, for which we use the value reported in [38]
3
An additional contribution to δg
Z
τL,ντ
arises in our model from the mixing of the lowest-lying Z
′
and the SM
Z; however, this receives a parametric suppression of O(s2W g′B/g(3)c M2Z/M2Z′) and turns out to be negligible.
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The vector leptoquark does not contribute significantly to B → K(∗)νν nor to τ → 3µ, while
the approximate down-alignment in the quark sector required from Bs mixing renders the Z
′
contribution to B → K(∗)νν negligibly small. The Z ′ contributes at tree-level to τ → 3µ.
However, since its coupling to muons is suppressed, the constraints from these processes only
become relevant when the leptonic mixing angle θτµ becomes large, effectively setting the bound
|θτµ| . 0.1.
High-pT searches. The masses of the lightest exotic vector bosons predicted by the model
are expected to lie around the TeV scale, and are therefore constrained by direct searches at
LHC. The phenomenology for these searches is very similar to the one discussed in the model
of Ref. [176], so we only highlight the main aspects.
• U . The vector LQ is subject to the bounds coming from QCD pair production and from tau
pair production at high-energies (i.e. pp→ ττ +X), generated by t–channel exchange [143]. As
in Ref. [176], the most stringent constraint is set by leptoquark pair production, which implies
MU & 1.3 TeV. This expression is obtained by recasting [184] the CMS search in Ref. [185] and
translates to CU . 0.08 for g(3)c = 3.
• G′. Given the large couplings and relatively low mass of the coloron, di-jet searches at LHC
can offer an important test of the validity of the model. However, current limits [186] rely on
bump searches that become less sensitive when the coloron width is large. This is the case in
our model, where we find ΓG′/MG′ = 0.22 for g
(3)
c = 3, if we assume that the only available
decay channels are those to SM quarks. For large widths, the coloron signal is diluted into the
QCD background allowing the model to avoid current bounds [?].
• Z′. As already mentioned, the Z ′ couplings to light generations appear strongly suppressed
compared to the third-generation ones. This renders the Z ′ Drell-Yan production at LHC
sufficiently small to evade the strong bounds from di-lepton resonance searches [187].
• Heavy scalars. The minimal model discussed in Section 8.2.3 presents a rich scalar sector,
whose phenomenological analysis depends significantly on the details of the scalar potential and
is beyond the scope of the present letter. Nevertheless, we do not expect it to yield tensions
with data in large areas of the parameter space.
8.4 Summary and conclusions
If unambiguously confirmed as beyond-the-SM signals, the recent B-physics anomalies would
lead to a significant shift in our understanding of fundamental interactions. They could imply
abandoning the assumption of flavour universality of gauge interactions, which implicitly holds
in the SM and in its most popular extensions. In this chapter we have presented a model where
the idea of flavour non-universal gauge interactions is pushed to its extreme consequences, with
an independent gauge group for each fermion family.
The idea of the (flavour-blind) SM gauge group being the result of a suitable breaking of a flavour
non-universal gauge symmetry, holding at high energies, has already been proposed in the past
as a possible explanation for the observed flavour hierarchies (see e.g. [11, 188]). Interestingly,
constructions of this type naturally arise in higher-dimensional models (see e.g. [189]) with
fermion fields localized on different four-dimensional branes, the multi-site gauge group being
the deconstructed version of a single higher-dimensional gauge symmetry [190].
As we have shown, a three-site Pati-Salam gauge symmetry, with a suitable symmetry breaking
sector, could describe in a natural way the observed Yukawa hierarchies and explain at the
same time the recent B-physics anomalies, while being consistent with the tight constraints
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from other low- and high-energy measurements. The model we present exhibits a rich TeV-scale
phenomenology that can be probed in the near future by high-pT experiments at the LHC.
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Conclusions
The flavour structure of the SM is rather peculiar. It follows from the observation that the
interaction basis and the mass basis do not coincide. This is due to the Yukawa terms, which
arise when we introduce the Higgs scalar field. As a consequence, the quark families defined in
the interaction with the gauge bosons mix between each other; the magnitude of such mixing is
encoded in the CKM mixing matrix.
From direct measurements of the elements of the CKM matrix, we can see that they obey a
strict hierarchy: the diagonal entries are almost one, while the off-diagonal ones are rather small
and complex. In other terms, the CKM matrix does not differ strongly from the identity. At the
same time, quark and charged-lepton masses are very hierarchical, with values that vary from
the MeV range of the first generation to the 174 GeV of the top quark.
Such peculiar structure leads to very specific predictions, such as the strong suppression of FCNC
amplitudes, and their link to the off-diagonal elements of the CKM matrix. This structure, and
the corresponding predictions, can easily be falsified if we imagine any kind of NP beyond the
SM. Therefore, testing at which extent the CKM description of the mixing in the quark sector
of the SM holds, grants a clean probe of the SM itself.
Many experiments in the last years attempted such task, helping to put bounds to the possible
NP scale. Only recently a few measurements provided some surprising results. In particular,
the processes exhibiting some apparent deviations from the SM predictions are the semileptonic
decays b → c`ν` and b → s`+`−. The former happens in the SM through a charged-current
tree-level transition, while the latter arises at the loop level.
The deviations from the SM become manifest when comparing the transitions with different
lepton species, so-called lepton-universality ratios. In particular, for the b → c`ν` the leptonic
final states with taus and muons are compared, leading to a 3.7σ discrepancy with respect to
the SM. Instead, in the b → s`+`− channel, decays with either muon or electron are studied.
Global fits to the data available have been performed, pointing to a combined deviation even at
the level of 5σ, accordingly to the NP scenario considered.
Taken together, this pattern of anomaly represents a challenging and exciting framework to be
studied. The most natural approach is twofold. On the one hand, a deeper and more complete
understanding of SM prediction for the interesting observables is needed; moreover, efforts must
be made to interface with experiments and their needs. On the other hand, a model building
approach can help to disentangle which kind of heavy particles may be responsible of the pattern
of anomalies. Examples of this two complementary approaches have been presented in this thesis.
In Part II we focused on the charged current anomalies. Here we have shown two examples of
the first approach. In chapter 3 we discussed the strategies to reduce the background for the
B → D`ν` decays to be applied in upcoming analysis. Through this study we have been able to
propose a new strategy to determine RD in an independent way from the previous measurements.
Such strategy could represent an interesting and new approach soon to be adopted by B factories
such as Belle II. On the same line, in chapter 4 we have proposed a new observable to probe
lepton flavour universality violation, namely the R(Λ∗c) = B(Λb → Λ∗cτν)/B(Λb → Λ∗c`ν) ratio.
Throughout the first complete analysis of these barionic decays, we have demonstrated that the
SM prediction for R(Λ∗c) can be controlled using HQET results and future data. A feasibility
study for this observable has also been presented, showing that that R(Λ∗c) can be measured
with high accuracy at LHCb in the near future.
In Part III we have investigated the anomalies in flavour changing neutral currents. In chapter 5
we have presented the first SM prediction for the universality ratios R
K
(∗) taking into account
QED corrections. Our analysis demonstrates that the theoretical error on R
K
(∗) , defined and
extracted from data using the procedure adopted by LHCb, does not exceed the 1% level. These
observables are therefore of key importance in view of future high-statistics data.
Various model-building approach aimed to describe the anomalies and infer conclusions for future
observables have been presented in Part IV. In chapter 6 we explored the possibility to coherently
explain both anomalies through an EFT approach based to the flavour symmetry U(2)5. We
have shown that such solution is viable if we allow a moderate fine tuning in Bs(d) mixing and in
the tau leptonic decays. A general consequence of this EFT approach is the prediction of visible
deviations from the SM both in leptonic and hadronic τ decays. Using the same EFT approach,
in chapter 7 we have explored the connections between the anomalies and kaon physics. We have
shown that K → piνν decays are potentially sensitive to the same operators responsible for the
anomalies, although the connection suffers of O(1) unknown free parameters. The latter could
be determined by a combined analysis of B → K(∗)νν and B → Kτ+τ− channels. In chapter 8
we have presented one of the first attempt to build a UV complete model for a vector leptoquark,
as leading mediator for the anomalies. Our construction is rather peculiar but effective: through
a particular choice of the starting gauge group and the symmetry-breaking sector we end up
with a low-energy theory which not only reproduces quite well data on the anomalies, but it also
provides a natural explanation of the hierarchy of the Yukawa couplings. Interestingly enough,
a few implications of this specific UV construction are quite different than all other models
proposed so far. These include a non-trivial relation between RD and RD∗ and a possible large
enhancement of B(B → τν).
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Appendix A
Appendix to Chapter 2
A.1 B → P form factors
The hadronic matrix element for the vector current between two pseudoscalar states is commonly
(e.g. [65]) expressed in terms of two form factor
〈P (k)| cγµb |B(p)〉 = f+(q2)
[
(p+ k)µ − M
2
B −M2P
q2
qµ
]
+ f0(q
2)
M2B −M2P
q2
qµ . (A.1)
In the above, qµ ≡ pµ−kµ. In the limit q2 → 0 one finds a relation between the two form factors
in the form of
f+(0) = f0(0) , (A.2)
otherwise A.1 would diverge.
While the heavy quark limit can be used as a guiding principle to parametrize both form factors,
we prefer not to apply it. Instead, we follow the BCL ansatz [65] and write
f+(q
2) =
f+(0)
1− q2/M2
R(1
−
)
[
1 +
3∑
k=1
α+k z
k(q2; t+, 0)
]
,
f0(q
2) =
f+(0)
1− q2/M2
R(0
+
)
[
1 +
2∑
k=1
α0kz
k(q2, t+, 0)
]
,
(A.3)
f+(0 GeV
2) f+(4 GeV
2) f+(8 GeV
2) f+(t−) f0(4 GeV
2) f0(8 GeV
2) f0(t−)
mean
0.665 0.798 0.972 1.177 0.729 0.810 0.901
covariance matrix
f+(0 GeV
2) 1.128× 10−3 1.042× 10−3 9.230× 10−4 7.727× 10−4 1.093× 10−3 1.063× 10−3 1.045× 10−3
f+(4 GeV
2) 1.042× 10−3 1.079× 10−3 1.108× 10−3 1.123× 10−3 1.026× 10−3 1.017× 10−3 1.021× 10−3
f+(8 GeV
2) 9.230× 10−4 1.108× 10−3 1.331× 10−3 1.576× 10−3 9.307× 10−4 9.511× 10−4 9.865× 10−4
f+(t−) 7.727× 10−4 1.123× 10−3 1.576× 10−3 2.112× 10−3 8.108× 10−4 8.681× 10−4 9.425× 10−4
f0(4 GeV
2) 1.093× 10−3 1.026× 10−3 9.307× 10−4 8.108× 10−4 1.126× 10−3 1.165× 10−3 1.210× 10−3
f0(8 GeV
2) 1.063× 10−3 1.017× 10−3 9.511× 10−4 8.681× 10−4 1.165× 10−3 1.283× 10−3 1.410× 10−3
f0(t−) 1.045× 10−3 1.021× 10−3 9.865× 10−4 9.425× 10−4 1.210× 10−3 1.410× 10−3 1.635× 10−3
Table A.1: Mean values and covariance matrix for the data points reconstructed from [21] at
q2 ∈ {0 GeV2, 4 GeV2, 8 GeV2, t− = (M2B −M2D)}.
f+(18 GeV
2) f+(22 GeV
2) f+(26 GeV
2) f0(18 GeV
2) f0(22 GeV
2) f0(26 GeV
2)
mean
1.016 1.971 6.443 0.417 0.609 0.961
covariance matrix
f+(18 GeV
2) 3.492× 10−3 1.997× 10−3 1.648× 10−3 1.067× 10−3 2.904× 10−4 1.096× 10−4
f+(22 GeV
2) 1.997× 10−3 3.371× 10−3 6.193× 10−3 2.123× 10−4 2.167× 10−4 1.294× 10−4
f+(26 GeV
2) 1.648× 10−3 6.193× 10−3 7.419× 10−2 2.064× 10−3 1.139× 10−3 1.346× 10−3
f0(18 GeV
2) 1.067× 10−3 2.123× 10−4 2.064× 10−3 8.478× 10−4 4.266× 10−4 3.150× 10−4
f0(22 GeV
2) 2.904× 10−4 2.167× 10−4 1.139× 10−3 4.266× 10−4 3.923× 10−4 4.009× 10−4
f0(26 GeV
2) 1.096× 10−4 1.294× 10−4 1.346× 10−3 3.150× 10−4 4.009× 10−4 6.467× 10−4
Table A.2: Mean values and covariance matrix for the data points reconstructed from [20] at
q2 ∈ {18 GeV2, 22 GeV2, 26 GeV2}.
where M
R(1
−
)
and M
R(0
+
)
denote the masses of the low-lying resonances with spin/parity quan-
tum numbers J = 1− and J = 0+, respectively. Note the use of f+(0) in the parametrization of
f0(q
2), which automatically fulfills the equation of motion A.2. In the parametrization A.3, we
make use of the conformal mapping from q2 to z, where
z(q2; t+, t0) =
√
t+ − q2 −
√
t+ − t0√
t+ − q2 −
√
t+ − t0
. (A.4)
Following [65] we impose Im f+(q
2) = (q2 − t+)3/2 close to the pair-production threshold t+ ≡
(MB +MD)
2. This leads to a relation between the expansion parameters α+k :
α+3 =
1
3
K−1∑
k=1
(−1)kk α+k . (A.5)
B → D The lattice QCD results as presented in [21] follow the BCL parametrization, however,
they do not automatically fulfill the equation of motion eq. (A.2). We therefore reconstruct
lattice data points for four different choices of q2 (see table A.1), and fit our choice of the
parametrization to these reconstructed points. We use M
R(1
−
)
= 6.330GeV and M
R(0
+
)
=
6.420GeV as in [21].
B → pi The lattice QCD results as presented in [20] follow the BCL parametrization. However,
they do not automatically fulfill the equation of motion eq. (A.2). Moreover, for the form factor
f0(q
2), no pole for a low-lying resonance scalar resonance is used. We therefore reconstruct
lattice data points for three different choices of q2 in the domain for which lattice data point
had been obtained (see table A.2). In addition, we use the results of a recent Light-Cone Sum
Rules (LCSR) study [66] for the form factor f+ at q
2 = {0, 10}GeV2. The LCSR results provide,
beyond the form factor f+, also its first and second derivatives with respect to q
2. We fit our
choice of the parametrization to the aforementioned constraints. We use M
R(1
−
)
= 5.325GeV
and M
R(0
+
)
= 5.540GeV.
A.2 Scalar Products
In order to facilitate the comparison with our results, we list here all scalar products that emerge
in the calculation of 3.21.
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The scalar products involving p are
p · q = M
2
B + q
2 −M2D
2
, (A.6)
p · q[τ ] =
(1− βτ )(M2B + q2 −M2D)− βτ
√
λ cos θ[τ ]
2
(A.7)
p · q[µ] =
1
2
βνν
[
(M2B + q
2 −M2D)((1− βτ ) + βτ cos θ∗[µ] (A.8)
−
√
λ(βτ + (1− βτ ) cos θ∗[µ]) cos θ[τ ]
+
√
λ
√
1
2
− βτ sin θ∗[µ] sin θτ cosφ
]
.
The scalar product involving q read
q · q[τ ] = (1− βτ )q2 , (A.9)
q · q[µ] = βνν((1− βτ ) + βτ cos θ∗[µ])q2 , (A.10)
q · q[νµ] =
1
2
[
(1− βνν)(1− βτ )− βνν(1− βτ ) cos θ∗∗[νµ] (A.11)
− βτ (βνν − (1− βνν) cos θ∗∗[νµ]) cos θ
∗
[µ]
− 2
√
1
2
− βννβτ sin θ∗[µ] sin θ∗∗[νµ] cosφ
∗∗]q2 .
For scalar products involving q[τ ] we find
q[τ ] · q[µ] = βννq2[τ ] , (A.12)
q[τ ] · q[νµ] =
1
2
[
(1− βνν)− βνν cos θ∗∗[νµ]
]
q2[τ ] . (A.13)
For the antisymmetric tensors we obtain
ε(p, q, q[µ], q[νµ]) =
βννβτ
√
1
2 − βτ
2
√
λq2 sin θ∗[µ] sin θ[τ ] sinφ , (A.14)
In all of the above, we abbreviate
βτ =
q2 + q2[τ ]
2q2
, βνν =
q2[τ ] + q
2
[ντνµ]
2q2[τ ]
. (A.15)
A.3 Results for the Legendre Ansatz in P3(y)
The mean values and covariance matrices for the Legendre moments in the PDFs P3(y) of
B → Dτ(→ µνν)ν and B → piτ(→ µνν)ν decays are listed in tables A.3 and A.4, respectively.
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Appendix B
Appendix to Chapter 4
B.1 Details on the Rarita-Schwinger object
We describe a JP = 3/2− state by the spin-3/2 projection uα of a generic Rarita-Schwinger
object uαRS(k, η) = η
αu(k),
uα(3/2)(k, η, sc) =
[
ηα − 1
3
(
γα +
kα
mΛ∗c
)
/η
]
u(k, sc)
=
[
gαβ −
1
3
(
γα +
kα
mΛ∗c
)
γβ
]
uβRS(k, η(λ), sc)
≡ [P3/2]α β uβRS(k, η(λ), sc) .
(B.1)
In the above, u(k, sc) denotes a spin-1/2
+ spinor of four momentum k and rest-frame helicity
sc = ±1/2, and η denotes a polarization vector with JP = 1−. Likewise, we can also characterise
the JP = 1/2− state in term of the projection onto the spin-1/2 component as:
uα(1/2)(k, η, sc) =
1
3
[
γα +
kα
mΛ∗c
]
/η u(k, sc) (B.2)
=
1
3
[
γα +
kα
mΛ∗c
]
γβ u
β
RS(k, η(λ), sc) (B.3)
≡ [P1/2]α β uβRS(k, η(λ), sc) . (B.4)
The Rarita-Schwinger object fulfills the equation of motion[
iεµαβσγ
5γµkσ − imσαβ
]
uβ(k) = 0 . (B.5)
By virtue of the equations of motions, the following identities hold
kαuRSα (k, η, sc) = 0 = η(t)
αuRSα (k, η, sc) (B.6)
while for the spin 3/2 projection uα of a Rarita-Schwinger object, the following relations are
also true:
γαu(3/2)α (k, η, sc) = 0 , (B.7)
−iσαβ u(3/2)α (k, η, sc) = uβ(3/2)(k, η, sc) . (B.8)
The completeness relation for the 3/2 spinor read∑
λ(
′
),sc(
′
)
uα(k, η(λ), sc)u
α
′
(k, η(λ′), s′c) = (/k +mΛ∗c )
[
− gαα
′
+
kαkα
′
m2Λ∗c
+
1
3
(
γα − k
α
mΛ∗c
)(
γα
′
+
kα
′
mΛ∗c
)]
,
(B.9)
while for the 1/2 spinor we have:∑
λ(
′
),sc(
′
)
uα1/2(k, η(λ), sc)u
α
′
1/2(k, η(λ
′), s′c) = −
1
3
(/k +mΛ∗c )
(
γα − k
α
mΛ∗c
)(
γα
′
+
kα
′
mΛ∗c
)
(B.10)
B.2 Details on the form factor definitions
The spin structures ΓαµJ,i that contribute to the transition Λb → Λ∗c are listed in the following.
For the final state Λc(2595)
+ and for the vector current (J = V ) we find :
ΓαµV,(1/2,t) =
√
4mΛbmΛ∗c√
s+
2mΛ∗c√
s+s−
pα
mΛb −mΛ∗c√
q2
qµ√
q2
,
ΓαµV,(1/2,0) =
√
4mΛbmΛ∗c√
s−
2mΛ∗c√
s+s−
pα
mΛb +mΛ∗c
s+
[
(p+ k)µ −
m2Λb −m
2
Λ
∗
c
q2
qµ
]
,
ΓαµV,(1/2,⊥) =
√
4mΛbmΛ∗c√
s−
2mΛ∗c√
s+s−
pα
[
γµ − 2mΛ
∗
c
s+
pµ − 2mΛb
s+
kµ
]
,
(B.11)
while for the axialvector current (J = A) we obtain:
ΓαµA,(1/2,t) =
√
4mΛbmΛ∗c√
s−
2mΛ∗c√
s+s−
pα
mΛb +mΛ∗c√
q2
qµ√
q2
,
ΓαµA,(1/2,0) =
√
4mΛbmΛ∗c√
s+
2mΛ∗c√
s+s−
pα
mΛb −mΛ∗c
s−
[
(p+ k)µ −
m2Λb −m
2
Λ
∗
c
q2
qµ
]
,
ΓαµA,(1/2,⊥) =
√
4mΛbmΛ∗c√
s+
2mΛ∗c√
s+s−
pα
[
γµ +
2mΛ∗c
s−
pµ − 2mΛb
s−
kµ
]
.
(B.12)
In the case of the final state Λc(2625)
+, for the vector current (J = V ) we obtain:
ΓαµV,(1/2,t) =
√
4mΛbmΛ∗c√
s+
2mΛ∗c√
s+s−
pα
mΛb −mΛ∗c√
q2
qµ√
q2
,
ΓαµV,(1/2,0) =
√
4mΛbmΛ∗c√
s−
2mΛ∗c√
s+s−
pα
mΛb +mΛ∗c
s+
[
(p+ k)µ −
m2Λb −m
2
Λ
∗
c
q2
qµ
]
,
ΓαµV,(1/2,⊥) =
√
4mΛbmΛ∗c√
s−
2mΛ∗c√
s+s−
pα
[
γµ − 2mΛ
∗
c
s+
pµ − 2mΛb
s+
kµ
]
,
ΓαµV,(3/2,⊥) =
√
4mΛbmΛ∗c√
s−
−4iεαµpk√
s+s−
γ5 + ΓV,(1/2,⊥) ,
(B.13)
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while for the axialvector current (J = A) we use
ΓαµA,(1/2,t) =
√
4mΛbmΛ∗c√
s−
2mΛ∗c√
s+s−
pα
mΛb +mΛ∗c√
q2
qµ√
q2
,
ΓαµA,(1/2,0) =
√
4mΛbmΛ∗c√
s+
2mΛ∗c√
s+s−
pα
mΛb −mΛ∗c
s−
[
(p+ k)µ −
m2Λb −m
2
Λ
∗
c
q2
qµ
]
,
ΓαµA,(1/2,⊥) =
√
4mΛbmΛ∗c√
s+
2mΛ∗c√
s+s−
pα
[
γµ +
2mΛ∗c
s−
pµ − 2mΛb
s−
kµ
]
,
ΓαµA,(3/2,⊥) =
√
4mΛbmΛ∗c√
s+
−4iεαµpk√
s+s−
γ5 − ΓA,(1/2,⊥) .
(B.14)
Note that we adopted the convention ε0123 = −ε0123 = +1 for the Levi-Civita tensor.
In the above a recurring term fulfills
uα(k)
−2mΛ∗c√
s+s−
pα = uα(k)η
α(0) . (B.15)
To conclude, we also provide the matching between our form factor definitions and the ones
in [77]:
F1/2,t(q
2(w)) = +
√
w − 1√
2(r − 1)(w + 1)
[
(r − 1)lV1 + (rw − 1)lV2 + (r − w)lV3 − lV4
]
,
F1/2,0(q
2(w)) = +
√
w + 1√
2(1 + r)
[
(r + 1)(w − 1)lV1 + (w
2 − 1)(rlV2 + lV3) + (w − r)lV4
]
,
F1/2,⊥(q
2(w)) = −
√
w + 1
2
√
2
[
2(1− w)lV1 + lV4
]
,
F3/2,⊥(q
2(w)) = −
√
w + 1
2
√
2
lV4 ,
G1/2,t(q
2(w)) = +
√
w + 1√
2(r + 1)
(w − 1) [(r + 1)lA1 + (rw − 1)lA2 + (r − w)lA3 − lA4] ,
G1/2,0(q
2(w)) = +
√
w − 1√
2(1− r)
[
(r − 1)(w + 1)lA1 + (w
2 − 1)(rlA2 + lA3) + (w − r)lA4
]
,
G1/2,⊥(q
2(w)) = −
√
w − 1
2
√
2
[−2(1 + w)lA1 + lA4] ,
G3/2,⊥(q
2(w)) = +
√
w − 1
2
√
2
lA4 ,
(B.16)
with r = mΛ∗c/mΛb .
We worked out the matching between out convention and [77] also for the form factors of
Λb → Λc(2595)+ transitions. This is slightly more involved since our approach and the approach
of [77] for the spin 1/2− projection of the Rarita-Schwinger object differ. We find it convenient
to use: ∑
λ
′
c,s
′
c
C
1/2,sc
λ
′
c,s
′
c
u(1/2)α (k, η(λ
′
c), s
′
c)p
α = − 1√
3
u(k, sc)γ
5
(
1
mΛ∗c
k · q + /q
)
, (B.17)
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with the C
1/2,sc
λ
′
c,s
′
c
being the Clebsch-Gordan coefficients for j1⊕ j2 = 1⊕ 1/2 angular momentum.
Using eq. (B.17), the matching between our form factors for the Λb → Λc(2595)+ transition and
the ones in [77] reads:
f1/2,t(q
2(w)) = +
√
3
2
√
w − 1
r − 1
[
(r + 1)dV1 + (rw − 1)dV2 + (r − w)dV3
]
,
f1/2,0(q
2(w)) = +
√
3
2
√
w + 1
r + 1
[
(r − 1)dV1 + (w − 1)(rdV2 + dV 3)
]
,
f1/2,⊥(q
2(w)) = −
√
3
2
√
w + 1 dV1 ,
g1/2,t(q
2(w)) = +
√
3
2
√
w + 1
r + 1
[
(r − 1)dA1 + (rw − 1)dA2 + (r − w)dA3
]
,
g1/2,0(q
2(w)) = +
√
3
2
√
w − 1
r − 1
[
(r + 1)dA1 + (w + 1)(rdA2 + dA3)
]
,
g1/2,⊥(q
2(w)) = −
√
3
2
√
w − 1 dA1 .
(B.18)
B.3 Helicity Amplitudes
B.3.1 1/2+ → 1/2−
For the scalar current, defined as
hαS(sb, sc, λc) ≡ uα(k, η(λc), sc)u(p, sb) , (B.19)
we find the following non vanishing terms:
1√
2
hαS(−1/2,−1/2,+1) = hαS(−1/2,+1/2, 0) =
√
2
3
√
s+η
∗α(+1) , (B.20)
1√
2
hαS(+1/2,+1/2,−1) = hαS(+1/2,−1/2, 0) =
√
2
3
√
s+η
∗α(−1) , (B.21)
−hαS(+1/2,−1/2,+1) =
√
2hαS(+1/2,+1/2, 0) =
√
2
3
√
s+η
∗α(0) , (B.22)
−hαS(−1/2,+1/2,−1) =
√
2hαS(−1/2,−1/2, 0) =
√
2
3
√
s+η
∗α(0) . (B.23)
For the pseudoscalar current current, defined as
hαP (sb, sc, λc) ≡ uα(k, η(λc), sc)γ5u(p, sb) , (B.24)
one finds:
1√
2
hαP (−1/2,−1/2,+1) = −hαP (−1/2,+1/2, 0) = +
√
2
3
√
s−η
∗α(+1) , (B.25)
− 1√
2
hαP (+1/2,+1/2,−1) = hαP (+1/2,−1/2, 0) = +
√
2
3
√
s−η
∗α(−1) , (B.26)
hαP (+1/2,−1/2,+1) = −
√
2hαP (+1/2,+1/2, 0) = +
√
2
3
√
s−η
∗α(0) , (B.27)
−hαP (−1/2,+1/2,−1) =
√
2hαP (−1/2,−1/2, 0) = +
√
2
3
√
s−η
∗α(0) . (B.28)
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For the vector current
hαV,λq(sb, sc, λc) ≡ u
α(k, η(λc), sc)/ε
∗(λq)u(p, sb) , (B.29)
we identify
hαV,t(sb, sc, λc) =
mΛb −mΛ∗c√
q2
hαS(sb, sc, λc) . (B.30)
For the transverse polarisation we find:
− 1√
2
hαV,−1(+1/2,−1/2,+1) = hαV,−1(+1/2,+1/2, 0) = +
2
3
√
s−η
∗α(+1) , (B.31)
− 1√
2
hαV,+1(−1/2,+1/2,−1) = hαV,+1(−1/2,−1/2, 0) = +
2
3
√
s−η
∗α(−1) , (B.32)
hαV,+1(−1/2,−1/2,+1) = −
√
2hαV,+1(−1/2,+1/2, 0) = +
2
3
√
s−η
∗α(0) , (B.33)
hαV,−1(+1/2,+1/2,−1) = −
√
2hαV,−1(+1/2,−1/2, 0) = +
2
3
√
s−η
∗α(0) . (B.34)
For the longitudinal polarisation we find:
1√
2
hαV,0(−1/2,−1/2,+1) = −hαV,0(−1/2,+1/2, 0) =
√
2
3
mΛb +mΛ∗c√
q2
√
s−η
∗α(+1) , (B.35)
1√
2
hαV,0(+1/2,+1/2,−1) = −hαV,0(+1/2,−1/2, 0) =
√
2
3
mΛb +mΛ∗c√
q2
√
s−η
∗α(−1) , (B.36)
−hαV,0(+1/2,−1/2,+1) =
√
2hαV,0(+1/2,+1/2, 0) =
√
2
3
mΛb +mΛ∗c√
q2
√
s−η
∗α(0) , (B.37)
−hαV,0(−1/2,+1/2,−1) =
√
2hαV,0(−1/2,−1/2, 0) =
√
2
3
mΛb +mΛ∗c√
q2
√
s−η
∗α(0) . (B.38)
Similarly for the axialvector current
hαA,λq(sb, sc, λc) ≡ u
α(k, η(λc), sc)/ε
∗(λq)γ5u(p, sb) , (B.39)
we identify
hαA,t(sb, sc, λc) = −
mΛb +mΛ∗c√
q2
hαP (sb, sc, λc) . (B.40)
For the transverse polarisation we find
1√
2
hαA,−1(+1/2,−1/2,+1) = −hαA,−1(+1/2,+1/2, 0) = +
2
3
√
s+η
∗α(+1) , (B.41)
− 1√
2
hαA,+1(−1/2,+1/2,−1) = hαA,+1(−1/2,−1/2, 0) = +
2
3
√
s+η
∗α(−1) , (B.42)
hαA,+1(−1/2,−1/2,+1) = −
√
2hαA,+1(−1/2,+1/2, 0) = +
2
3
√
s+η
∗α(0) , (B.43)
−hαA,−1(+1/2,+1/2,−1) =
√
2hαA,−1(+1/2,−1/2, 0) = +
2
3
√
s+η
∗α(0) . (B.44)
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For the longitudinal polarization we find
− 1√
2
hαA,0(−1/2,−1/2,+1) = hαA,0(−1/2,+1/2, 0) = +
√
2
3
mΛb −mΛ∗c√
q2
√
s+η
∗α(+1) , (B.45)
1√
2
hαA,0(+1/2,+1/2,−1) = −hαA,0(+1/2,−1/2, 0) = +
√
2
3
mΛb −mΛ∗c√
q2
√
s+η
∗α(−1) , (B.46)
−hαA,0(+1/2,−1/2,+1) =
√
2hαA,0(+1/2,+1/2, 0) = +
√
2
3
mΛb −mΛ∗c√
q2
√
s+η
∗α(0) , (B.47)
hαA,0(−1/2,+1/2,−1) = −
√
2hαA,0(−1/2,−1/2, 0) = +
√
2
3
mΛb −mΛ∗c√
q2
√
s+η
∗α(0) . (B.48)
Using the above expressions, we can now list the helicity amplitudes for the transition Λb →
Λc(2595)
+. For the vector current we find the following non-zero helicity amplitudes:
+A(1/2)V (+1/2,+1/2, 0) = +A(1/2)V (−1/2,−1/2, 0) = −
√
1
3
f1/2,0
mΛb +mΛ∗c√
q2
√
4mΛbmΛ∗c ,
(B.49)
+A(1/2)V (+1/2,+1/2, t) = +A(1/2)V (−1/2,−1/2, t) = −
√
1
3
f1/2,t
mΛb −mΛ∗c√
q2
√
4mΛbmΛ∗c ,
(B.50)
+A(1/2)V (+1/2,−1/2,−1) = +A(1/2)V (−1/2,+1/2,+1) = −
√
2
3
f1/2,⊥
√
4mΛbmΛ∗c . (B.51)
For the axialvector current we find similarly
+A(1/2)A (+1/2,+1/2, 0) = −A(1/2)A (−1/2,−1/2, 0) = −
√
1
3
g1/2,0
mΛb −mΛ∗c√
q2
√
4mΛbmΛ∗c ,
(B.52)
+A(1/2)A (+1/2,+1/2, t) = −A(1/2)A (−1/2,−1/2, t) = −
√
1
3
g1/2,t
mΛb +mΛ∗c√
q2
√
4mΛbmΛ∗c ,
(B.53)
+A(1/2)A (+1/2,−1/2,−1) = −A(1/2)A (−1/2,+1/2,+1) = +
√
2
3
g1/2,⊥
√
4mΛbmΛ∗c . (B.54)
In the heavy quark expansion, if we use eq. (4.10) for the vector current, we calculated the
following helicitity amplitudes:
AV (+1/2,+1/2, 0) = +AV (−1/2,−1/2, 0) =
−
√
1
3
mΛb +mΛ∗c√
q2
√
s+
mΛbmΛ∗c
{[
s−
(
C1(w) +
s+(C2(w)mΛ∗c + C3(w)mΛb)
2mΛbmΛ∗c (mΛb +mΛ
∗
c
)
)
+
mΛb −mΛ∗c
mΛb +mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
Λ−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
)]
ζ
− 2(mΛb −mΛ∗c )ζSL
}
, (B.55)
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AV (+1/2,+1/2, t) = +AV (−1/2,−1/2, t) =
−
√
1
3
mΛb −mΛ∗c√
q2
√
s−
mΛbmΛ∗c
{[
C1(w)s+
+
mΛb +mΛ∗c
mΛb −mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
(
Λ +
C2(w)s+
mΛb +mΛ∗c
)
−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
(
Λ
′ − C3(w)s+
mΛb +mΛ∗c
))]
ζ − 2(mΛb +mΛ
∗
c
)2
mΛb −mΛ∗c
ζSL
}
,
(B.56)
AV (+1/2,−1/2,+1) = +AV (−1/2,+1/2,−1) = −
√
2
3
√
s+
mΛbmΛ∗c
{[
C1(w)s−
+
3m2Λb +m
2
Λ
∗
c
− q2
2mΛb
Λ−
m2Λb + 3m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
]
ζ − 2mΛbζSL
}
, (B.57)
while for the axial vector current in eq. (4.15) we obtain:
AA(+1/2,+1/2, 0) =−AA(−1/2,−1/2, 0) =
−
√
1
3
mΛb −mΛ∗c√
q2
√
s−
mΛbmΛ∗c
{[
s+
(
C1(w)−
s−(C2(w)mΛ∗c + C3(w)mΛb)
2mΛbmΛ∗c (mΛb −mΛ∗c )
)
+
mΛb +mΛ∗c
mΛb −mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
Λ−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
)]
ζ
− 2(mΛb +mΛ∗c )ζSL
}
, (B.58)
AA(+1/2,+1/2, t) =−AA(−1/2,−1/2, t) = −
√
1
3
mΛb +mΛ∗c√
q2
√
s+
mΛbmΛ∗c
{[
C1(w)s−
+
mΛb −mΛ∗c
mΛb +mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
(
Λ− C2(w)s+
mΛb −mΛ∗c
)
−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
(
Λ
′
+
C3(w)s+
mΛb +mΛ∗c
))]
ζ − 2(mΛb −mΛ
∗
c
)2
mΛb +mΛ∗c
ζSL
}
,
(B.59)
AA(+1/2,−1/2,+1) =−AA(−1/2,+1/2,−1) =
√
2
3
√
s−
mΛbmΛ∗c
{[
C1(w)s+
+
3m2Λb +m
2
Λ
∗
c
− q2
2mΛb
Λ−
m2Λb + 3m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
]
ζ + 2mΛbζSL
}
. (B.60)
B.3.2 1/2+ → 3/2−
We list here the Λb → Λc(2625)+ helicity amplitudes for various currents. For the scalar current
hαS(sb, sc, λc) ≡ uα(k, η(λc), sc)u(p, sb) (B.61)
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one finds the non-vanishing helicity amplitudes as follows:
√
2
3
hαS(+1/2,+1/2,+1) =
√
2hαS(−1/2,−1/2,+1) = hαS(−1/2,+1/2, 0) =
√
2
3
√
s+η
∗α(+1) ,
(B.62)√
2
3
hαS(−1/2,−1/2,−1) =
√
2hαS(+1/2,+1/2,−1) = hαS(+1/2,−1/2, 0) =
√
2
3
√
s+η
∗α(−1) ,
(B.63)
hαS(+1/2,−1/2,+1) =
1√
2
hαS(+1/2,+1/2, 0) =
√
2
3
√
s+η
∗α(0) ,
(B.64)
hαS(−1/2,+1/2,−1) =
1√
2
hαS(−1/2,−1/2, 0) =
√
2
3
√
s+η
∗α(0) .
(B.65)
For the pseudoscalar current
hαP (sb, sc, λc) ≡ uα(k, η(λc), sc)γ5u(p, sb) (B.66)
one finds similarly:
−
√
2
3
hαP (+1/2,+1/2,+1) =
√
2hαP (−1/2,−1/2,+1) = hαP (−1/2,+1/2, 0) = +
√
2
3
√
s−η
∗α(+1) ,
(B.67)
−
√
2
3
hαP (−1/2,−1/2,−1) =
√
2hαP (+1/2,+1/2,−1) = hαP (+1/2,−1/2, 0) = −
√
2
3
√
s−η
∗α(−1) ,
(B.68)
hαP (+1/2,−1/2,+1) =
1√
2
hαP (+1/2,+1/2, 0) = −
√
2
3
√
s−η
∗α(0) ,
(B.69)
hαP (−1/2,+1/2,−1) =
1√
2
hαP (−1/2,−1/2, 0) = +
√
2
3
√
s−η
∗α(0) .
(B.70)
For the vector current we investigate
hαV,λq(sb, sc, λc) ≡ u
α(k, η(λc), sc)/ε
∗(λq)u(p, sb) , (B.71)
and identify
hαV,t(sb, sc, λc) =
mΛb −mΛ∗c√
q2
hαS(sb, sc, λc) . (B.72)
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For the transverse polarizations we find:
−
√
2
3
hαV,+1(−1/2,+1/2,+1) =
√
2hαV,−1(+1/2,−1/2,+1) = hαV,−1(+1/2,+1/2, 0) = −
2
3
√
s−η
∗α(+1) ,
(B.73)√
2
3
hαV,−1(+1/2,−1/2,−1) =
√
2hαV,+1(−1/2,+1/2,−1) = hαV,+1(−1/2,−1/2, 0) = −
2
3
√
s−η
∗α(−1) ,
(B.74)
hαV,+1(−1/2,−1/2,+1) =
1√
2
hαV,+1(−1/2,+1/2, 0) = −
2
3
√
s−η
∗α(0) ,
(B.75)
hαV,−1(+1/2,+1/2,−1) =
1√
2
hαV,−1(+1/2,−1/2, 0) = −
2
3
√
s−η
∗α(0) .
(B.76)
For the longitudinal polarization we find
√
2
3
hαV,0(+1/2,+1/2,+1) =
√
2hαV,0(−1/2,−1/2,+1) = hαV,0(−1/2,+1/2, 0)
=
√
2
3
mΛb +mΛ∗c√
q2
√
s−η
∗α(+1) , (B.77)
√
2
3
hαV,0(−1/2,−1/2,−1) =
√
2hαV,0(+1/2,+1/2,−1) = hαV,0(+1/2,−1/2, 0)
=
√
2
3
mΛb +mΛ∗c√
q2
√
s−η
∗α(−1) , (B.78)
hαV,0(+1/2,−1/2,+1) =
1√
2
hαV,0(+1/2,+1/2, 0) =
√
2
3
mΛb +mΛ∗c√
q2
√
s−η
∗α(0) , (B.79)
hαV,0(−1/2,+1/2,−1) =
1√
2
hαV,0(−1/2,−1/2, 0) =
√
2
3
mΛb +mΛ∗c√
q2
√
s−η
∗α(0) . (B.80)
For the axialvector current we investigate
hαA,λq(sb, sc, λc) ≡ u
α(k, η(λc), sc)/ε
∗(λq)γ5u(p, sb) , (B.81)
and identify
hαA,t(sb, sc, λc) = −
mΛb +mΛ∗c√
q2
hαP (sb, sc, λc) . (B.82)
For the transverse polarizations we find:
−
√
2
3
hαA,+1(−1/2,+1/2,+1) =
√
2hαA,−1(+1/2,−1/2,+1) = hαA,−1(+1/2,+1/2, 0)
=
2
3
√
s+η
∗α(+1) , (B.83)
−
√
2
3
hαA,−1(+1/2,−1/2,−1) =
√
2hαA,+1(−1/2,+1/2,−1) = hαA,+1(−1/2,−1/2, 0)
= −2
3
√
s+η
∗α(−1) , (B.84)
hαA,+1(−1/2,−1/2,+1) =
1√
2
hαA,+1(−1/2,+1/2, 0) = −
2
3
√
s+η
∗α(0) , (B.85)
hαA,−1(+1/2,+1/2,−1) =
1√
2
hαA,−1(+1/2,−1/2, 0) = +
2
3
√
s+η
∗α(0) . (B.86)
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For the longitudinal polarization we find
−
√
2
3
hαA,0(+1/2,+1/2,+1) =
√
2hαA,0(−1/2,−1/2,+1) = hαA,0(−1/2,+1/2, 0)
= −
√
2
3
mΛb −mΛ∗c√
q2
√
s+η
∗α(+1) ,
(B.87)
−
√
2
3
hαA,0(−1/2,−1/2,−1) =
√
2hαA,0(+1/2,+1/2,−1) = hαA,0(+1/2,−1/2, 0)
= +
√
2
3
mΛb −mΛ∗c√
q2
√
s+η
∗α(−1) ,
(B.88)
hαA,0(+1/2,−1/2,+1) =
1√
2
hαA,0(+1/2,+1/2, 0) = +
√
2
3
mΛb −mΛ∗c√
q2
√
s+η
∗α(0) , (B.89)
hαA,0(−1/2,+1/2,−1) =
1√
2
hαA,0(−1/2,−1/2, 0) = −
√
2
3
mΛb −mΛ∗c√
q2
√
s+η
∗α(0) . (B.90)
For the vector current we find the following non-zero helicity amplitudes:
+A(3/2)V (+1/2,+3/2,+1) = +A(3/2)V (−1/2,−3/2,−1) = −2F3/2,⊥
√
4mΛbmΛ∗c , (B.91)
+A(3/2)V (+1/2,+1/2, 0) = +A(3/2)V (−1/2,−1/2, 0) = +
√
2
3
F1/2,0
mΛb +mΛ∗c√
q2
√
4mΛbmΛ∗c ,
(B.92)
+A(3/2)V (+1/2,+1/2, t) = +A(3/2)V (−1/2,−1/2, t) = +
√
2
3
F1/2,t
mΛb −mΛ∗c√
q2
√
4mΛbmΛ∗c ,
(B.93)
+A(3/2)V (+1/2,−1/2,−1) = +A(3/2)V (−1/2,+1/2,+1) = −
2√
3
F1/2,⊥
√
4mΛbmΛ∗c . (B.94)
For the axialvector current we find similarly
+A(3/2)A (+1/2,+3/2,+1) = −A(3/2)A (−1/2,−3/2,−1) = −2G3/2,⊥
√
4mΛbmΛ∗c , (B.95)
+A(3/2)A (+1/2,+1/2, 0) = −A(3/2)A (−1/2,−1/2, 0) = +
√
2
3
G1/2,0
mΛb −mΛ∗c√
q2
√
4mΛbmΛ∗c ,
(B.96)
+A(3/2)A (+1/2,+1/2, t) = −A(3/2)A (−1/2,−1/2, t) = +
√
2
3
G1/2,t
mΛb +mΛ∗c√
q2
√
4mΛbmΛ∗c ,
(B.97)
+A(3/2)A (+1/2,−1/2,−1) = −A(3/2)A (−1/2,+1/2,+1) = +
2√
3
G1/2,⊥
√
4mΛbmΛ∗c . (B.98)
In the heavy quark expansion, the helicity amplitudes related to the vector current eq. (4.10)
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read
AV (+1/2,+3/2,+1) = +AV (−1/2,−3/2,−1) = +2
√
s+
mΛb
ζSL , (B.99)
AV (+1/2,+1/2, 0) = +AV (−1/2,−1/2, 0) = +
√
2
3
mΛb +mΛ∗c√
q2
√
s+
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2mΛb
Λ
−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
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}
, (B.100)
AV (+1/2,+1/2, t) = +AV (−1/2,−1/2, t) = +
√
2
3
mΛb −mΛ∗c
mΛbmΛ∗c
√
s−√
q2
{[
s+
+
mΛb +mΛ∗c
mΛb −mΛ∗c
(
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
(
Λ +
C2(w)s+
mΛb +mΛ∗c
)
−
m2Λb −m
2
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− q2
2mΛ∗c
(
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))]
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2
mΛb −mΛ∗c
ζSL
}
,
(B.101)
AV (+1/2,−1/2,−1) = +AV (−1/2,+1/2,+1) = −
√
4
3
√
s+
mΛbmΛ∗c
{[
s−C1(w)
−
3m2Λb +m
2
Λ
∗
c
− q2
2mΛb
Λ +
m2Λb + 3m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
]
ζ +mΛbζSL
}
, (B.102)
while for the axial vector current eq. (4.15), we obtain
AA(+1/2,+3/2,−1) =−AA(−1/2,−3/2,+1) = 2
√
s−
mΛb
ζSL , (B.103)
AA(+1/2,+1/2, 0) =−AA(−1/2,−1/2, 0) = +
√
2
3
mΛb −mΛ∗c√
q2
√
s−
mΛbmΛ∗c
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(
C1(w)
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∗
c
)
)
+
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2
Λ
∗
c
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Λ
−
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2
Λ
∗
c
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2mΛ∗c
Λ
′
)
(mΛb +mΛ∗c )
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ζ + (mΛb +mΛ∗c )ζSL
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, (B.104)
AA(+1/2,+1/2, t) =−AA(−1/2,−1/2, t) = +
√
2
3
mΛb +mΛ∗c√
q2
√
s+
mΛbmΛ∗c
{[
s−
+
(mΛb −mΛ∗c )
mΛb +mΛ∗c
(
m2Λb −m
2
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∗
c
+ q2
2mΛb
(
Λ− C2(w)s−
mΛb −mΛ∗c
)
−
m2Λb −m
2
Λ
∗
c
− q2
2mΛ∗c
(
Λ
′
+
C3(w)s−
mΛb −mΛ∗c
))]
ζ +
(mΛb −mΛ∗c )
2
mΛb +mΛ∗c
ζSL
}
,
(B.105)
AA(+1/2,−1/2,+1) =−AA(−1/2,+1/2,−1) = +
√
4
3
√
s−
mΛbmΛ∗c
{[
s+C1(w)
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+
3m2Λb +m
2
Λ
∗
c
− q2
2mΛb
Λ−
m2Λb + 3m
2
Λ
∗
c
− q2
2mΛ∗c
Λ
′
]
ζ +mΛbζSL
}
. (B.106)
B.4 Details on the Kinematics
We choose the z axis along the flight direction of the Λ∗c . Thus, in the rest frame of the Λ
0
b
(B-RF) one has
pµ
∣∣
B-RF
= (m
Λ
0
b
, 0, 0, 0) , (B.107)
qµ
∣∣
B-RF
= (q0, 0, 0,−|~q |) , (B.108)
kµ
∣∣
B-RF
= (m
Λ
0
b
− q0, 0, 0,+|~q |) . (B.109)
We chose to describe the decay through the invariants q2 and obtain
q0
∣∣
B−RF =
m2Λb −m
2
Λ
∗
c
+ q2
2mΛb
, |~q |∣∣
B−RF =
√
λ(m2Λb ,m
2
Λ
∗
c
, q2)
2mΛb
, (B.110)
where λ is the usual Ka¨lle´n function.
The description of the Λ∗c involves a spin-1 polarization vector η(m) along the positive z direction.
According to [191] we can use
η(±)|B−RF = (0,∓1,−i, 0)/
√
2 , (B.111)
η(0)|B−RF = (|~q |, 0, 0,mΛb − q
0)/mΛ∗c . (B.112)
In order to facilitate the calculation we introduce artificial polarization vectors ε(n) which fulfill
the following relations:
ε(n) · q = 0 n = ±, 0 (B.113)
ε(n) · ε†(n′) = gnn′ gnn′ = diag(+,−,−,−) for n, n′ = t,+,−, 0 (B.114)
ε(n)µε
†(n′)νgnn′ = gµν . (B.115)
Within the `ν rest frame these relations are fulfilled by the set
εµ(t)
∣∣
`ν−RF = (1, 0, 0, 0) , (B.116)
εµ(±)∣∣
`ν−RF = (0,±1,−i, 0)/
√
2 , (B.117)
εµ(0)
∣∣
`ν−RF = (0, 0, 0,−1) . (B.118)
Using a boost along z, one obtains in the B rest frame
εµ(t)
∣∣
B−RF = (q
0, 0, 0,−|~q |)/
√
q2 = qµ/
√
q2 , (B.119)
εµ(0)
∣∣
B−RF = (+|~q |, 0, 0,−q0)/
√
q2 , (B.120)
while the ε(±) remain invariant under that boost. Comments are due on the choice of the
polarization vectors, especially the signs of εz(0) as well as εy(±). These haven been adopted
to obtain longitudinal and right-handed/left-handed polarization of the `ν system, which moves
along the negative z-axis. The phase convention is as in [191].
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B.5 Explicit Spinor Representations
In the course of the calculations we need to use explicit representations of spinors for an arbitrary
momentum and fixed helicity in their rest frame. In the chiral representation of Dirac spinors,
one obtains for a u spinor with momentum pµ,
pµ = (p0, |~p| sin θ cosφ, |~p| sin θ sinφ, |~p| cos θ), (B.121)
with p2 = m2 and helicity h = ±1/2 in their respective rest frames [191]
u(p, h = +1/2) =
γ0√
2(p0 +m)

+(p0 +m− |~p|) cos(θ/2)
+(p0 +m− |~p|) sin(θ/2) exp(+iφ)
+(p0 +m+ |~p|) cos(θ/2)
+(p0 +m+ |~p|) sin(θ/2) exp(+iφ)
 (B.122)
u(p, h = −1/2) = γ
0√
2(p0 +m)

−(p0 +m+ |~p|) sin(θ/2) exp(−iφ)
+(p0 +m+ |~p|) cos(θ/2)
−(p0 +m− |~p|) sin(θ/2) exp(−iφ)
+(p0 +m− |~p|) cos(θ/2)
 . (B.123)
B.6 Formulae
For the Levi-Civita tensor we use the convention
ε0123 = −ε0123 = +1 . (B.124)
In this convention one has
tr γµγνγργσγ5 = −4iεµνρσ (B.125)
εαβµνεαβρσ = −2(δµρ δνσ − δµσδνρ) (B.126)
σµνγ5 =
i
2
εµναβσ
αβ (B.127)
B.7 Additional material on the sensitivity study
We show in Fig. B.1 the distributions of the Isgur-Wise parameters resulting from a two-
dimensional fit to both q2 and cos θl, comparing ensembles of pseudo-experiments using only
the Λc(2595)
+, only the Λc(2625)
+, or both. In Fig. B.2 we investigate the correlations between
the Isgur-Wise parameters resulting from a two-dimensional fit to q2 and cos θl of the three sets
of pseudo-experiments. In particular, the leftmost plots demonstrate how only a simultaneous
fit to both Λ∗+c states can solve the degeneracy between the two slope parameters. Moreover,
both Λc(2595)
+ and Λc(2625)
+ data sets are individually sensitive to the δSL parameter, but a
simultaneous fit provides much better precision.
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Figure B.1: Distribution of the Isgur-Wise parameters as fitted from an ensemble of pseudo-
experiments. The distributions are shown for the cases when one of the two Λ∗+c states is fitted,
as well as the combination of both. Both q2 and cos θl are fitted simultaneously.
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Figure B.2: Two-dimensional distributions of the Isgur-Wise parameters as fitted from an en-
semble of pseudoexperiments. Both q2 and cos θl are fitted simultaneously. Only simulated
Λc(2595)
+ and Λc(2625)
+ data are used for the pseudoexperiments shown in the first and sec-
ond row, respectively. Both states are fitted in the pseudoexperiments shown in the third row.
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Appendix C
Appendix to Chapter 6
C.1 Hadronic Form Factors for B → V or B → P transitions
We need to express explicitly the hadronic matrix elements through Lorentz invariant form
factors. for B → P transitions, where P is any pseudo-scalar meson, we have [62]:
〈P (k)|qiγµb|B(p)〉 =
[
(p+ k)µ −
m2B −m2P
q2
qµ
]
f+(q
2) + qµ
m2B −m2P
q2
f0(q
2) (C.1)
〈P (k)|[qib](µ)|B(p)〉 =
1
mb(µ)−mqi(µ)
qµ〈P (k)|qiγµb|B(p)〉 =
m2B −m2P
mb(µ)−mqi(µ)
f0(q
2). (C.2)
Instead, for B → V transitions, where V is a vector meson, we use:
〈V (k, η)|qiγµb|B(p)〉 = iµνρσην∗pρkσ
2V (q2)
mB +mV
, (C.3)
〈V (k, η)|qiγµγ5b|B(p)〉 = η∗µ(mB +mV )A1(q2)− (p+ k)µ(η∗ · q)
A2(q
2)
mB +mV
− qµ(η∗ · q)
2mV
q2
[A3(q
2)−A0(q2)], (C.4)
〈V (k, η)|[qiγ5b](µ)|B(p)〉 = −
1
mb(µ) +mqi(µ)
qµ〈V (k, η)|qiγµγ5b|B(p)〉
= (η∗ · q) 2mV
mb(µ) +mqi(µ)
A0(q
2). (C.5)
where we can express A3(q
2) as:
A3(q
2) =
mB +mV
2mV
A1(q
2)− mB −mV
2mV
A2(q
2), (C.6)
and we changed the form factors basis in
V (q2) =
mB(mB +mV )√
2λ
F⊥, (C.7)
A1(q
2) =
mB√
2(mB +mV )
F‖, (C.8)
A2(q
2) = − 2mVm
2
B(mB +mV )
λ
F0(q
2) +
mB(mB +mV )(m
2
B −m2V − q2)√
2λ
A1(q
2), (C.9)
A0(q
2) =
m2B√
λ
Ft(q
2). (C.10)
C.2 Differential decay width for B → K``
In this Appendix we intend to give the complete expression for the differential decay width of
the process B → K``, where ` = µ, τ, ν. For this purpose we keep the full dependence from the
lepton mass, which gives a non negligible contribution in the case ` = τ .
The most general Lagrangian that arises from the operators in tables 6.2–6.3 assumes the form:
L(b→ s``) = −2GF√
2
αe
2pi
V ∗tsVtb [C9O9 + C10O10 + CS(OS −OP )] , (C.11)
where the operators are defined as
O9 =(sγµPLb)(`γµ`) O10 =(sγµPL)b(`γµγ5`) ,
OS =(sPRb)(``) OP =(sPRb)(`γ5`) .
(C.12)
By mean of explicit calculation, we can write the double differential decay width as
d2Γ
d cos θ dq2
= a` + b` cos θ + c` cos
2 θ (C.13)
and the coefficients are
4a`
Γ0
=(|C9|2 + |C10|2)f2+λ+ 4|C10|2
m2`
q2
[
f20 (m
2
B −m2K)2 − f2+λ
]
−4CSC10f
2
0m`(m
2
B −m2K)2
mb −ms
+
2C2Sf
2
0 (m
2
B −m2K)2(q2 − 2m2` )
(mb −ms)2
, (C.14)
b`
Γ0
=
CSC9f+f0
√
λm`(m
2
B −m2K)β`
mb −ms
, (C.15)
4c`
Γ0
= − β2`λf2+
(
|C9|2 + |C10|2
)
. (C.16)
where
β` =
√
1− 4m
2
`
q2
, Γ0 =
α2eG
2
F
√
λβ`|VtbV ∗ts|2
512 pi5m3B
, (C.17)
λ = m4B +m
4
K + q
4 − 2m2Bq2 − 2m2Kq2 − 2m2Bm2K . (C.18)
Performing the angular integration we get the following differential decay width:
dΓ
dq2
(B → K``) =Γ0
6
[
(|C9|2 + |C10|2)(3− β2` )f2+λ+ 12|C10|2
m2`
q2
(
f20 (m
2
B −m2K)2 − f2+λ
)]
−2Γ0CSC10
f20m`
(
mB
2 −m2K
)2
mb −ms
+ Γ0C
2
S
f20
(
m2B −m2K
)2 (
q2 − 2m2`
)
(mb −ms)2
(C.19)
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